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FOREWORD

This report was prepared by the Metals Research Group, Commercial Airplane Division,

The Boeing Company, Renton, Washington, under USAF Contract AF33(615)-3697. The
contract was initiated under Project No. 7351, "Metallic Materials,” Tusk No. 735105,
“High Strength Metallic Materials.” The program was administered by the Air Force
Materials Laboratory, Air Force Systems Command, United States Air Force, with Dr.

T. M. F. Ronald, MAMP, as Project Engineer. This report covers the period May 1, 1967,
through March 30, 1968. The manuscript was released by the authors in April 1968 for
publication as a technical report,

The authors acknowledge the assistance of the Materials Technology Laboratories in
conducting this program. G. R. Harmon and D. D. Nakkula provided general laboratory
support during the testing stages. Mrs. W. Diane Smith was responsible for the optical
metallography, and D. D. Early conducted the transmission ¢lectron microscopy study.

This report has been assigned document number D6-60091 by The Boeing Company.

This technical report has been reviewed and is approved.
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I. Perimutter

Chief. Metals Branch

Metals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

The objective of this program was to develop a stress-corrosion-resistant, high-strength
aluminum alloy through addition of minor elements and variations in heat treatment. On thc
basis of Phase I results, five step-aged special-chemistry alloys were selected for study in Phase
11, along with commercial 7075-T651 plate material. The Phase II alloys consisted of a base
alloy (6.4% Zn, 2.55% Mg, 1.0%% Cu) with the following additions: silver; silver + zirconium
(no chromium); silver + higher copper content; and silver + higher zinc and magnesium
content. The materials evaluation consisted of metallographic, aging, and quench-sensitivity
studies; stress-corrosion testing; and determination of mechanical, fracture, and fatigue pro-
perties. The resulting data were compared with data from evaluation of 11 other commercial
and experimental aluminum alloys including 7079-T611, 7075-T73, AZ74.61, 7178-T7651,
and X7080-T7. All of the five step-aged special-chemistry alloys met the goals of the pro-
gram in that they had longitudinal 0.2-percent yield strengths above 70 ksi and stress-
corrosion resistance superior to that of alloys 7079-T6 and 7075-T6. The use of silver in a
production alloy does not appear warranted. Silver did not increase stress-corrosion resis-
tance in the overaged condition. Strength properties were slightly increased by silver (0.25
inch thick), but quench sensitivity also increased, which would negate this slight strength
advantage for thicker sections. The allowable chemistry range for the alloy that best meets
the goals of this program should be: 5.9-6.9% Zn, 2.2-2.9% Mg. 0.7-1.5% Cu, 0.10-0.25% Zr.
0.05-0.15% Mn, 0.05% max Cr, 0.10% max Ti,0. 20% max Fe,0.20% max Si. The ease with
which the Phase II alloys were cast and fabricated indicates that the recommended alloy is
commercially feasible. Additional testing is recommended to complete the development of
this alloy. -

This abstract is subject to special export controls and each transmittal to foreign gov-
ernments or foreign nationals may be made only with prior approval of the Air Force
Materials Laboratory, MAMP, Wright-Patterson Air Force Base, Ohio 45433,
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NOMENCLATURE

a 1/2 crack length (in.) i
. DC direct chill '
E Young’s modulus (psi) ;
Fu tensile ultimate strength (psi, ksi) ‘
Fty tensile yield strength (psi, ksi) 3
f frequency of fatigue cycling (cpm) ]
GC KC2/E ;
IACS International Annealed Copper Standard 3
K stress intensity factor (ksivin.) ]
Ke plane-stress fracture toughness parameter (Ksivin.) j
K, elastic stress concentration tactor )
L longitudinal grain direction
M a hardening precipitate in 7000 series aluminum alloys
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1 T transversc grain direction
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SECTION 1 3
INTRODUCTION

The objective of this program was to develop a commercially feasible high-strength
aluminum alloy with a minimum yield strength of 70,000 pounds per square inch (psi) and
a stress corrosion resistance substantially greater than those of 7075-T6 or 7079-T6 alumi-
num alloys. This alloy was to have a short-transverse stress-corrosion threshold stress of at
least 25.000 psi, and fatigue and fracture toughness properties comparable to those of cur-
rent high-strength commercial alloys.

PO

The program was conducted from an engineering approach by defining material property
goals. The 24-month period of work was divided into Phase I, which was the subject of a
previcus technical report (1), and Phase 1, the results of which are summarized in this report.

ks,

Phase I was a study of the effects of several minor alloying additions on the mechanical
properties and stress-corrosion resistance of a 7075 basc alloy. The minor additions evaluated
were silver, boron, cerium, yttrium, and zirconium (1). Results of these tests showed that
only silver improved the stress-corrosion resistance of alloys in the T6 temper, but in this
heat-treat condition the resistance was inadequate to meet the goals of the contract. Over-
aging treatments increased the stress-corrosion resistance to adequate levels for all alloys
tested and the silver-bearing alloys maintained higher strengths.

|
o o edai i

Results with the more highly alloyed silver-bearing alloys in Phase | showed that, to
meet the strength goals. the overaging must be limited to approximately 10 hr at 320°F after : |
a T6 type treatment; this was especially true for the low-copper-content alloys because of
their lower inherent strengths. The low-copper-content alloys resisted cracking and pitting
better than thc other Phase | alloys.

On the basis of the Phase | results. five experimental alloys--a base alloy and four
variations - were selected for study in Phase I1. Commercial 7075-T651 plate material was
also tested. The alloy designations and major chemistry variations are listed below:

Alloy 16 Base alloy b
Alloy 17 -Base alloy + silver .
Alloy 18--Base alloy + silver + zirconium: no chromium

Alloy 19- Base alloy + silver + higher copper coutent

Alloy 20-Base alloy + silver + higher zinc and magnesium contents
7075-T651-1--Commercial 7075-T651 plate i

Chromium was omitted in alloy 18 to reduce the alloy's quench sensitivity (2). Higher zinc
and magnesium contents were specified in alloy 20 to simulate a high-strength version of the
base alloy. This was required to estublish lower bounds for stress-corrosion resistance and
fracture toughncss.




Concurrent with Phase 1 testing. several other high-strength commercial and experi-
mental aluminum alloys were evaluated by the Materials Technology Laboratories. Since these
alloys provided significant comparisons, the resuits of the test program are included in
this report. (These alloys are referred to as “‘comparison alloys.”) Eleven lots of ma-. -
terial, designated as tollows. were evaluated:

7075-T6S1-2 7079-Tol1G
7075-T73 7079-T6-G
AZ74.61 7575
AZ74.61-A 7578
X7080-T7 7178-T7651
7079-T611-A

These alloys include nearly all the high-strength 7000-series atloys that are commercially
available in the United States, including the new chromium-free X7080-T7 alloy Also
included are a commercial silver-bearing alloy (AZ74.61), experimental silver-bearing
alloys (7575 and 7578), and experimental heat treatments for 7079 (7079-T611 -G and
7079-T6-G).
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SECTION Il

ALLOY PROPERTIES

The five experimental Phase 11 alloys were cast and fabricated into 0.250-in.-thick
plate by Kaiser Aluminum and Chemical Corporation. Details of the casting and fabrication
procedures are given in Appendix I. The casting and fabrication of these alloys presented
no problems. and edge cracking of the ingots and plates during fabrication was insignificant.
The comparison alloys were not all available in the form of plate. When plate was not avail-
able, forged or extruded material was used. The fabrication and heat-treatment procedures
varied considerably among the comparison alloys and were generally different from those used

to produce the Phase Il alloys. The forms and procedures. as far as they are known, are
given in Table 1.

Processing history can have a significant bearing on properties and stress-corrosion
performance, and must be considered when comparing the various alloys.

1.  CHEMICAL COMPOSITIONS

Wet chemical analyses of the alloys are shown in Table 1I. The relative contents of
the primary alloying elements (zinc, magnesium, and copper) for each alloy are shown in
Fig. 1 along with composition limits for several commercial alloys,

The comparison alloy 7575 is an experimental silver-bearing. low-copper version of
7075 it contains more silver than any of the Phase I alloys. The comparison alloy 7578
1s an experimental silver-bearing. low-copper version of 7178, similar to Phase Il alioy 20
except for a higher silver content. All other comparison alloys are commercially available.

9

MICROSTRUCTURES

a.  Optical Microscopy of Phase 11 Alloys

Three-dimensional composite photomicrographs (Figs. 2 through 7) were prepared for each
Phase 11 alloy. All the alloys contain a subgrain structure. not clearly visible in the
photographs. The only obvious differences between alloys are:

(1) A larger gram size in 7075-T651-).
{2) A poticeably cleaner mutrix in the chromjum-free, zirconium-bearing alloy 18, This s
due to the absence of the small chromium-rich intermetallics thut are responsible for

the hazy background precipitate in the unctched composites of the other alloys.

{3y A higher density of small intermetailic particles in alloy 9. This may be due to the
higher copper content of this alloy.

(4) A contrast in ctehing respanse between alloys 16 through 20 and 7075-T651-1, owing to
the fact that the latter was not overaged. A heavy cetehing response is charucternistic of
the overaged alloys
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Table I. Summary of Heat-Treatment Information

Alloy Hardness | Conductivit
y
product form Heat treatment .
Phickness (in )® (Rg) | (% ofIACS)
Alloy 16 15 min at 860°F, 60°F WQ, 48 hrat RT + 87.5 36.5
Laboratory-produced plate | 24 hr at 250°F + 10 hr at 320°F
0.2
Alloy 17 35 min at 360°F, 60°F WQ, 48 hr at RT + 87.8 36.2
Laboratory-produced plate | 24 hr at 250°F + 10 hr at 320°F
0.25
Alloy 18 35 min at 860°F, 60°F WQ, 48 hr at RT + 89.5 348
Laboratory-produced plate | 24 hr at 250°F + 10 hr at 320°F
0.28
Alloy 19 35 min at 860°F, 60°F WQ, 48 hr at RT + §9.8 35.0
Laboratory-produced plate | 24 hr at 250°F + 10 hr at 320°F
0.25
Alloy 20 35 min at 860°F, 60°F WQ, 48 hr at RT + 89.0 35.0
Laboratory-produced plate | 24 hr at 250°F + 10 hr at 320°F
0.2§
7075-T651-1 Commercial T6-870°F, WQ, 24-28 hr at 250°F |  94.1 318
Commercial plate
0.23
7075-T651-2 Commercial T6—-870°F, WQ, 24-28 hr at 25C°F 94.0 3.6
Commercial plate
0.25
AZ74,61 30 min at 870°F, 85°F WQ, 18 hr at 250°F + 88.5 38.7
Dic forging 7 hrat 320°F
0.5-1.0
AZ74.61-A 30 min at 870°F, 95°F WQ, 11 hr at 320°F 88.5 36.8
Die forging
0.5-1,0
7075.773 T6 + 24-30 hr at 325°F for plate 86.6 38.8
Die forging Té + 8-10 hr at 350°F for forgings
=0,§
X7080-T7 Unknown, but boiling-water quenched 84.1 37.4
Die forging
8.0 Dia
7079-T6l1-A Cormercial T611--83C°F, WQ, § days at RT + 88.5 31t
Forging 48 hr at 230-25C°F
Unknown
7079-T611-G Unknown 81.2 354
Forging
Unknown
7079-T6-G Unknown 90.2 31.8
Forging
Unknown
TETSeH Commercial 7075-T6 treatment + 8 hr at 320°F]  88.6 376
Extruded panel
0.5
TSR Commercial 7178-T6 wreatment + 8 hr at 340°F[  86.5 39.1
Extruded bar
0.5
TI7R-TT651 Commercial T6 + 12-15 hr at 320°F 89.0 38.7
Commercial plate
0.3

*Thicknesses shown are those at time of heat treatment

* *Not commercial designations.
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Table 1f. Wet Chemical Analyvsis®

VO
Cast ]
Alloy number| Zn Mg Cu Fe Si Mn Cr Ti ‘ Ag Zr
16 D2733|6.39 | 259 | 1.00 [0.11 { 0.09] 0.09 | 0.20| 0.04 | 0.00 | 0.00 !
* {
17 D2734 | 6.34 | 2.55 | 0.99 {010 | 0.09] 0.11 © 0.20| 0.04 | 0.28 o.oo—l
S S R
18 D2735 | 6.35 | 253 | 0.99 {011 | 0.09] 0.11 | 0.01{ 0.04 | 0.28 | 0.1
~ 19 D2736 | 6.37 | 2.56 | 200 | 010 | 0.09] 0.10 | 0.19 | 0.04 | 0.22 | 0.00 )
|
: 2 2 2 R 2 |
i 20 D737 | 6.83 | 291 | 0.9¢ [0.10 | 010! 0.11 ¢ o.-ofo.mj 0.-01'0.00_
;- 7075-T651-1 5.94 | 255 | 1.42 {0.16 | 0.09 | 0.04 .ro.:lj 0.0 | 0.00 0.00
; . —— i
7075-T651 -2 590 | 257 | 1.25 [0.20 : 0.09 <0.05 | 0,18~ 0.04 | 0.00 ' 0.00
: - —+ :
AZ74.61 S.85 12501 0921015 1 0.090.10 | 017 0.03 | 0.29 | 0.00
AZ74.61-A 560 | 214 1 081 |06 ; 0.09] 0,07 0.20] 0.07 | 0.37 | 0.00
—
9075-T73 550 (252 ] 1.50 1047 014 0,051 020 0.10 ! 0.00 | 0.00
X7080-T7 5.88 | 2.30 | 0.86 |0.13 | 0.08 | 0.38 [<0.05 k0,02 | 0.00 | 0.00
7079-T611-A 4203341053012 | 009 017 0.14i 0.05 | 0.00 ; 0.00
T
7079-T611G 443242053 {015 |01 | 03] 022, 005 | 0.00 | 0.00
- ! T —
7079-T6G 464 | 3.84 1 050 |0.11 | 0101 015 | 0.20; 0.05 | 0.00 . 0.00 |
- | T | i
1 1 :
7575 6.05 1 267 | 111 | 0.11 | 0.05<0.05 | 0.20 -.0.05 | 0.35 } 0.00 J
) 787 95 | 2.95 : 5 a1 k< 3 0
7578 605 | 205 | 1,14 [0.1_ 0.08 [<0.05 | 0.21{<0.05 | 043 § 0.00 ;
TIT8-T70651 048 [ 275 1 18T 1018 [ 0.13] 0.06 | 0.21: 0.03 | 0.00 | 0,00 |
. ! I L i* I
MWeight pe-cent.
5
i
i /
| .
| -
'




1075-T713
[ EAzum
5
7079-T611-A 7075.T651-1
7079.T611.G 7878 |
7079.76.G
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& 10994 \ 7178.T765
3 =—
g N il g
3 H 2001
s 7039 !
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E b, Transmission Electron Alicroscopy
]

i

Transmission electron micrographs of the Phase 11 alloys and of camparison alloys
079100, SSTS ALTHOL, TOTST73, X7080-T7, and 7178-T76 are shown in Fig. 8. The 7075- .
ToS1-1 and T079-T0-G contain the small. spherical zone-type precipitates primarily, whereas :
the other alloys exhibif Targer and (in some cases) more plate-shaped precipitates of the !
M’ phase. reflecting their more overaged condition. In the silver-bearing alloy 7. co- :
hereney strain fields are visibie around some of the M' plates. Alloy 18 appears less
: overaged thanalloys 16, 17, 19, and 20 buat is further along in the aging sequence than
i 7075-Tos1-1 or 7079-T6<G. Like the photomicrograph in Fig. 4, the transmission electron 1
micrograph ot alloy 18 (Fig. 8C) shows no chromium-rich intermetallic particles. The other i
low-chromium allov X7080-T7. also contains a low density of the small intermetallic phases.

The exact heat treatiment given the X7680-T7 is unknown. but from the appearance of the

precipitates this alloy appears to be more overaged than atloy 18. Conductivity readings fou

these two alloys also indicate that this is the case. Alloy 7073-T723 is more overaged than the

Phase 11 base alloy 16, but this is not upparent from the transimission electron micrographs.

The presence of silver in the Phuse 11 and comparison alloys has only a small effect on the

microstructure. evidenced as a more plate-shaped M’ precipitate. Precipitate-free zones are

present in both silver-frec and silver-beuaring alloys. v

Paun b

2. AGING

SPAYIN

a 250°F

Aging studies were conducted on the Phase I alloys. using hardness and conductivity
measurements. Figure 9 shows curves far aging at 250°F. The silver addition increases
hardness values in the To condition (24 hrat 250°F). (Compare alloys 16 and 17.) The
higher copper content in alloy 19 and the higher zine and magnesium contents in alloy 20
also result in higher hardness in the T6 condition. (Compare ulloys 19 and 20 with 17.)

Al Phase H atloys show higher hardness than 7075 up to an aging time of approximately

100 hr at 250° 1. Replacement of chromium with zirconium reduces conductivity, as do the
higher zine and magnesium contents and the higher copper content. (Compare alloys 1€, 19,
and 20 with alloy 17.)

) b, 320°F

Figure 10 shows aging curves at 320°F after a To-type treatment. After a few hours
imitial aging at 320°F the silver-bearing alloy has a higher hardness than the silver-free alioy for
auy given aging time. After 10 hrat 320" F the difference between alloy 16 (silver-irec )

Jnd alloy 17 (silver-bearing) is one Ry point:atter 100 hr at 320°F the difference is

three Ryp pomnts. This difference, though small, increases steadily as the aging time
increases. indicuting that the eftect ot silver on strength is more pronounced at the longer
aging times. AHoys 1o and 17 have lower hardness values than any other Phase 11 alloys for
any given aging time The hardness data show that the higher-copper alloys (19 und 7075-
16511y bave tiie highest hardness besond 24 hrat 320° F.
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Table Ill. Average Mechanical and Fracture Properties ®

.
TP |

PHASE 11 ALLOYS
Grain Ftu Fty Elongation | RA W/A b K¢ Ge

Alloy | direction | (ksi) | (ks) | % in2in) | ®) KinAdbfin2)| (ksi JT)C Kin.Ab/in.2)d
16 L 81.0 [ 7281 110 235 | 283 (81.3 €900 641 °©7
16 T 81.5 [ 732 | 110 278 | --- LD ToU L 87
17 L 82.1 | 743 10.5 2151 279 |84.6 ©98.3 |695 €938
17 T 81.6 | 73.1 10.5 265 | - |--- LT[0 K
18 L 845 [ 789 | 105 240 | 207 |76.4 €80.3 |567 ©626
18 T 83.5 | 716 11.0 26,5
19 L 87.6 | 79.5 10.0 180 | 173 [57.5 €0.5|321 €350
19 T 858 [ 768 | 10.5 25 e feer oo |eee -l
20 L 853 | 77.3 10.5 20,5 | 153 |s3.9 ©57.1|282 €317
20 T 84.0 | 754 | 110 v I T N O T

7075-T651-1 L 84.8 | 79.9 13.0 270 | 214|627 ®66.5 (382 429

7075-T651-1 T 86.4 | 75.7 12.0 P I3 IR DO PO

COMPARISON ALLOYS
Grain Fiu Fyy | Elongation | RA W/A

Alloy direction | (ksi) | (ksi) |(%in 1in) | (%) |(in:b/in, ~)

AZ74.61 L f739 (f638 | fi00 |f18.0 | B2ss

AZ74.61-A L 72.2 | 65.1 9.7 21.8

7075-T73 L 712 | 635 10.0 145 | ---

X7080-T7 L heo.6 |he1a | hi1o  f2sio | 1429

7079-T611-A L 75.3 | 640 | 135 30| ---

7079-T611-G L 69.7 | 556 | 145 375 | ---

7079-T6-G L 77.2 | 66.0 8.0 10| ---

7575 L 80.6 | 71.1 11.0 295 | 8137

7578 L 76.3 | 65.1 12.0 320 8139

7178-17651 L 809 | 7r.s | 105 |80 B

dAverage of two specimens unless otherwise indicated.
bPrecracked Charpy specimens. Phase 1l Alloys: 0.250 in. thick: comparison alloys: 0.394 in. thick.

Ske= 04T ©
Kc 2E.

Lsmg crack length (2a) corrected for “slow™ growth.

fA\erage of 40 specimens,

Average of five specimens.

hAvcrage of six specimens.
1 Average of 10 specimens.

i thickness = 0.250 in., @ = (w/matan rajw)"?

e
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The nicst important observation from the conductivity study at 320° F is that alloy 18
(zirconium, no chromium) has much lower conductivity than alloy 17. A lower conductivity

for alloys 19 (higher copper) and 20 (higher zinc and magnesium) compared to alloy 17 might

be expected because of their higher alloy content, but the large difference between alloys

17 and 18 with the small addition of zirconium and the removal of chromium was not expected.

This is probably due to the fact that the chromium is present primarily in intermetallic form,
whereas zirconium is primarily in solid solution. The difference in conductivities between
alloys 17 and 18 increases at aging times beyond 20 hr,

4,

QUENCH SENSITIVITIES

Quench sensitivities of the Phase Il alloys were studied in a modified Jominy test.
Bars measuring 0.25 by 0.40 by 6.0 in. were solution-treated at 860°F and end-quenched by
immersing the bottom 2 in. in 64°F water. The bars remained partly immersed until they
cooled to room temperature. Relating the hardness data from the quench-sensitivity bar for
7075-T651-1 to cooling-rate-versus-.trength data for 7075 (3). the cooling rate 1 in. above

the waterline on the bar was estimated at 11° F per second.

The bars were then aged 2 days at room temperature, followed by 24 hr at 250° F and
10 hr at 320°F. A hardness survey was then conducted along the length of the bar, giving
the results shown in Fig. ! 1.

The silver addition increases quench sensitivity (compare 16 and 17), as do higher

copper content (compare 17 and 19) and higher zinc and magnesium contents (compare 17 and

20). Although the 7075 alloys have lower zinc and magnesium contents than alloy 16, 7075-
T651-1 is more quench-sensitive than alloy 16 because it has a higher copper content.

presence of silver increases quench sensitivity.

5.

data.

MECHANICAL PROPERTIES

i Remaradal.o . R .2 KE @ et - b
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The most important observation from this study is that the chromium-free alloy 18
(silver and zirconium) is quite insensitive to quenching rate. However, the quench sensi-
tivity of the other chromium-free alloy X7080 is even lower, again indicating that the

Mechanical properties of the Phase Il alloys were measured on 8-in. {iat tensile speci-
mens with a reduced section of 2.25 by 0.5 by 0.25 in. For the comparison alloys, 3-in.
round tensile specimens with a reduced section of 1.25 in. by 0.25 in. diameter were used.
The gage length for the flat and round specimens was 2.0 in. and 1.0 in. respectively.
Duplicate specimens of the Phase 1l alloys were taken in both the longitudinal and long-
transverse grain directions. Only the data for the longitudinal grain direction are in-
cluded for the comparison alloys; the number of specimens tested ranged from two to 40.

Table il lists the average mechanical properties of all the alloys. Figure 12 shows
these properties in order of decreasing longitudinal yield strength to illustrate the strength
relationships between the alloys. Appendix Il contains complete tabulations of the tensile
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With few exceptions (7178-T7651, 7575, 7079-T6-G, and 7578), the longitudinal yield
strengths decrease in the same relative order as the as-received hardness values noted in
Table I. The transversec mechanical properties are slightly lower than the longitudinal
properties for all Phase Il alloys except 16. 1t is not clear why alloy 16 behaves
differently.

The silver addition in alloy |7 produces a small increase in yield strength (1.5 ksi)
over that of alloy 16, in the longitudinal direction. Transverse mechanical properties of
alloys 16 and 17 are nearly identical. Increased zinc and magnesium contents in alloy 20,
replacement of chromium with zirconium in alloy 18, and increased copper content in alloy
19 all increase the strength above that of alloy 17. All Phase I alloys have yield strengths
above the 70,000-psi goal and show higher strengths than any of the comparison alloys.

The comparison alloys with yield strengths above 70.000 psi are 7178-T7651 and 7575.
This would be expected since both alloys are quite similar to some of the Phase 11 alloys
in heat treatment and composition. The 7178-T7651 and alloy 19 have similar compositions
(Fig. 1) except for silver content. and both were overaged to a similar degree (Table 1),
. The 7575 and alloy 17 have similar compositions (Fig. 1) and had nearly the same overaging
i treatment (Table 1).

. Alloys 7578 and 20 also have ncarly identical compositions (Fig. 1) except for silver
content. However. 7578 was overaged 1o a greater degree (T6 + 8 hrat 340°F) so that its
strength was lowered below that of alloy 20 (T6 + 10 hr at 320°F). Another consideration
is the fact that the 7578 specimens (as well as 7575 and 7178-T7651) were from 0.5-in.-thick
material, compared to 0.25 in. for the Phase Il alloys. A slower cooling rate would be ex-
pected for the 0.5-in. materia). and could cause a drop of 1 to 4 ksi in mechanical propertics
(3.

The alloys 7079-T6-G, AZ.74.61-A. 7079-TO611-A. AZ74.61. and 7075-T73 ull possess similar
yield strength ranging rrom 66 ksi for 7079-T6-G to 63.5 ksi for 7075-T73 (Fig. 12). The
7075-T73 and the two lots of AZ74.61 (AZ74.61 and AZ74.61-A) (Fig. 12) have almost identical
strengths, (The data for the AZ74.61 lot represent the average of 40 specimens.)

The yield strength of X7080-T7 is sinular to that of 7075-T73: the average of seven
specimens was 61.4 ksi. Tensile specimens of X7080-T7 were taken at several depths through
. an 8-in.-thick die forging which had been quenched in boiling water, The mechanical proper-
ties of this forging varied only slightly across its thickness. This would be expected on
the basis of this alloy's composition (low chromium, low copper) and quench-sensitivity
curve (Fig, 11).

The lowest-strength comparison alloy was 7079-To 1 1-G with a yield strength of §5.6 Ksi.
Although the heat treatment used on this forging is not known., its high clectrical conductiv-
ity and low mechanical propertics indicate a high degree of overaging. However, the ultimate
strength of 7079-T6 1 1-G is comparable to those of AZ734.01. AZ74.61-A, 7075-773, and X7080-1 7.

19
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- 6. FRACTURE TOUGHNESS

The fracture toughness of Phase 11 alloys was measured on both center-notched puanels
- (10 by 24 by 0.25 in.) and precracked Charpy specimens (2.16 by 0.39 by 0.25 in.) with the
long dimension parallel to the longitudinal grain direction. Only limited precracked Charpy
data are available for the comparison alloys. The center-notched pancls were fatigue-cvcled
from an initial 0.5-in. sawcut to a crack length 2a = 3.5 in. prior to fracture testing.
They were then loaded to fracture in laboratory air at a programmed stress rate of 1,000
psi/sec. The fracture toughness parameter K¢ was calculated from the relationship

Ke=o0gJme
where Og = Bross area stress at fracture (psi)
a=1/2 crack length before fracture (in.)
1 1 © = finite-width correction factor (w/ ma fan ma/w)li2

All fracture toughness tests were valid with a o net/ @ ty ratio of fess thun 0.8
at fracture.

During testing of the center-notched fracture toughness panels. high-speed movies €1 000
frames per second) were taken to determine whether “stow™ crack growth oceurred before
3 final rapid fracture. Some slow growth had occurred on all panels in the final fow seconds
of loading. The crack lengths (2a) increased from 3.5 in. (2u at start of loading) to
approximately 3.8 in. except in allov 17, where cracks grew as far as 4.6 in. betore cata-

L strophic fracture.
" Average fracture toughness data obtained from these tests tincluding those corrected
4! tor slow growth) are given in Table 111, Complete data for each specimen are tabulated in

Appendix I1. The only trend observed in the toughness daty is that. generally. both K¢

and the fracture toughness purameter W/A (energy to propagate per unit of crick area for
- precracked Charpy specimens) decrease as strength increases. The Ko data indicate that
alloys 1o, 17 and 18 are tougher than 7075-T6S1-1, whereas alloys 19 und 20 are not. The
W/A data indicate that all Phase 11 alloys have higher toughness than 75375, 7578, and 7178-
T7651. The lower-strength comparison alloys X7080-T7 and AZ74.61 are tougher than the
other comperison alloys and the Phase 11 alloys,

Examination of the precracked Charpy specimens and center-notehed pancls from the Phase
Il alloys revealed several items:

B) a.  The 7073-T651-1 showed much more mtergranular short-transverse delamination or csplit-
ting™ on the fracture Taces than did any ol the overaged Phase 11 aliovs. This difter-

ence isiltustrated i Fig. 13, which shows the fracture surfaces ol typical precracked

Charpy specimens. and Fig 13, which shows fracture profiles of typical center-notehed

] 3 pancls taken 0.25 i rom the panel ends.,

b Macroscoprcally . all Phase I alloy s exeept 7075-T651-1 showed o nearfy 100-percent shear-

mode fracture in the center-notehed panels (Fig, 14). 7075-16351-1 showed primarily a
flat fracture mode.

2]
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Fagure 15 Pvpical Fracture Surtaces of Precracked Charpy Specimens
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Figure 14. Fracrure Profiles from Phase I Alloy Center-Notched Panels
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¢.  Alloy 18 (zirconium, no chromium) had a fracture surfuce noticeably different from those
of the other alloys in both color and texture. This difference is not readily apparent
inFig. 13,

o ol b .umhmm

e

Pl it

To determinz whether toughness and fracture topography could be correlated for the Phase
Il alloys. two-stage plasticcarbon replicas were made from precracked Charpy specimens of
each alloy. Figure 15 shows the topographies for 7075-T651-1 and alloy 18. The topography
shown for 7075-T651-1 was typical for all Phase 11 alloys except 18. The dimple size for
alloy 18 is noticeably larger than for 7075-T651-1 and the other Phase I1 alloys.

Ehmbe A B . € dharty,

7. FATIGUE LIFE

"ot RN 2

The center-notched panels were used to determine fatigue-crack growth characteristics
of the Phase I alloys. The nature and extent ot enviranmental effects on fatigue-crack
growth were studied by cycling one panel of each alloy in dry air (< 10 percent relative
humidity) and another panel in distilled water. Cyclic loading was applied at 120 cycles
per minute (cpm) at a maximum grass area stress of 12,000 psi. The ratio of minimum cyclic
P stress to maximum cyclic stress was R = 0.5. Crack growth was monitored from 2a =0.5in. S ¥
to 2a=35in.

RIS

Figure 16 presents data on crack length versus cycles for each alloy and environment. .
Figure 17 is a plot of stress intensity fuctor K versus crack growth rate &2a/4n for
each alloy and environment. The slopes of the lines in Fig. 17 range from 2.4 (alloy 19 in
' distilled water) to 4.4 (alloy 19 in dry air).

o W L L

All alloys perform similarly in the dry environment; the curves for alloys 19 (high 3
copper) and 20 (higher zinc and magnesium) are steeper at crack lengths longer than 2.0 in.
(Fig. 16). The silver addition in alloy 17 has little effect. (Compare alloys 16 and 17.)

The replacement of chromium with zirconium in alloy 18 and the higher zinc and magnesium in
alloy 20 result in about 17 percent fewer cycles being required for crack growth from 0.5

—CuttaA

e

to 3.5 in. than are required in alloy 17. All overaged alloys except alloy 20 require more
cycles than does the peak-aged 7075-T651-1 tc propagate the crack to 3.5 in. :
. The difference between the overaged Phase 1l alloys and the peak-aged 7075-T651-1 is :
more pronounced in distilled water. In this environment all overaged Phase I1 alloys re- ‘

guire two to three times as many cycles as the peak-aged 7075-T651-1 to propagate cracks
from 0.5 to 3.5 in. Other comparisons noted in the number of cycies required for propagation
from 0.5 to 3.5 in. are the following:

N

i
a.  The silver addition in alloy 17 increases the number of cycles about 16 percent in 3
comparison with alloy 10: 1!
4
b, Replicement of chromium with zirconium in afloy 18 reduces the number ot cycles about 3
32 percent in comparison with alloy 17, i
<. Increasing the copper content in alloy 19 reduces the number of cycles about 38 percent ;
in comparison with alloy 17; T
]
.
4
24 ’
2
L

|
l o : :




Y PRI WY~ YAy NS ICe Y AENEN D PR N

e Ll

T

(B) AMoy 18

) AM

Lol Al

Figure 15, Typical Liccrron Fractographis of Fractured Charpy Spectinens of 7075-T651-1
! and Alloy IS (The larger dimple size in alloy 18§y duc to the absence of :
chiromiuncricn pitermetallics.) ( 34350x) ‘
v
e e i T o o R
e e e —




S g el

5 T T T T T T T T (

DRY AIR

, DISTILLED WATER (<10% RH) i

g o - - < m— 1 z
u 7075.T6511 1918 2016 17 7075-7651-1 i
] . ' . 20: /18 e/
2 : / .
= ] 5/ 3 i
S ¢/ !
N 4 . 2
T , 7 :
z 4 i
2 A7 10" x 28" x 025" | :
Y PANEL i
Z i
Q LONGITUDINAL i
m GRAIN DIRECTION %
© 0y = 12KS| '{
R=0.5 ;

= 120 CPM 2

0 L i 1 1 L 1 . | i :2

0 20 40 60 80 100 120 140 60 180
KILOCYCLES .2

g

Figure 16. Fatigue-Crack Propagation Curves for Phase Il Alloys

[CYRFRRY "R TNCOT

o e




LA

3]

e

TR

e

CRACK GROWTH RATE, A2a/An ( uIN./CYCLE)

600 T T L I p L T Al T ¥ T L T 1
500}
10" X 28" X 0,25 PANEL
400 - LONGITUDINAL GRAIN DIRECTION /
Og= 12 KSI
300 R=05
f=120 CPM
200
100
o0
80+
70;—
60+
50
40+
30
DISTILLED WATER
20 r—
) ALLOY 16 ——
ALLOY 17 —. —
10 DRY AIR I ALLOY 18 ——
9 ((109’0 RH) I ALLOY 19 ~===
B / ALLOY 20 v -+~
7t 7075-T651-1 — —
6
5 —
4 N
0 . —l e i U N | L 1 I | A P | ‘j
0 4 5 6 7 8 910 20 30 40 50 60 70 8090100

STRESS INTENSITY FACTOR, Koy (KSIY IN)

Figwri 170 Fatigue Crach Growth Raee Versus Soress Intensity tor Fhase 1 Aloyvs




d.  Increasing the zinc and magnesium contents in alloy 20 reduces the number of cycles
about 24 percent in comparison with alloy 17,

Although distilled water accelerates crack growth in all alloys, the effect is less pro-
nounced tor the overaged Phase Il alloys than for peak-aged 7075-T651-1.

The fracture topographies of these specimens were examined by electron fractography to
determine whether the different growth rates could be correlated with fracture features.
Figure |8 shows typical fractographs from alloys 16, 17, and 7075-T651-1 in both environ-
ments. In these photographs the crack length 2a is 2 in., which corresponds to

K =21 ksi Jin.

For casy comparison, all the fractographs are at the same magnification. The observations
from the tractographs may be summarized as follows:

a.  The fatigue~crack propagation mechanism in dry air produces the characteristic ductile
fatigue striations.

b.  The fracture appearance in distilled water is markedly different for peak-aged 7075-
T651-1, Ductile striations are only rarely observed, and the predominant propagation
mechanism results in brittle striations. Alloys 16 and 17 show brittle striations, but
many ductile striations are also observed.
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STRESS-CORROSION TESTING

1. CONDITIONS AND PROCEDURES

The six Phase 11 alloys and cleven comparisan alloy lots were tested as shown in
Appendix [I1. Test conditions und procedures in Phase [1 were the same as those established
in Phase 1 (1). The test specimen, shown in Fig, 19, was stressed by leg deflection. Values
of leg deflection used to impose the various stress levels are shown in the same figure.

Twa test environments were used on the speciimen configuration shown in Fig. 19: (1)
alternate immersion in an aqueous 3.5-percent sodium chloride solution, and (2) cutside ex-
posure in an industrial arca. The alternate-immersion test specimens were anodized (chromic
acid) to reduce general corrosion and to aid in detecting cracks and linear pits. The outside-
exposure specimens were not anodized.

In additional tests. double-cantilever beam (DCB) specimens were exposed to 3.5-percent
sodium chloride solution three times a day, and exfoliation coupons were exposed in a salt-fog
cabinet to a S-percent sodium chloride solution bultered with acctic acid to pH = 3.0.

L il

The ambient conditions for Phase H were slightly different from those for Phase 1.
The air temperature during alternate-immersion testing ranged from 78°F to 81° F tor Phase
I1. compared with 75°F to S2°F for Phase 1. The range of relative humidity (RH) was 535
to 62 pereent for Phase 1 and 45 1o 55 percent for Phase 1. The outside-exposure specimens
were in test over ditferent parts of the year (October-February for Phase 1T compared with
Januaryv-March and May-August tor Phase 1) and thus experienced ditterent temperature. humdity.
and smog conditions.

All the alternate-immersion specimens were tested i the same 604! fill-and-drain
system over the same time period, with the exception of the second lot of 7075 material !
(7075-TO31-2). which was placed in test 44 days atter the other alloys. Each specimen was
photographed every 2 weeks during exposure to record the progressive changes and to aid in
determining growth rates of cracks or pits. In addition. cacl specimen was examined regu-
larly under a 10X wide-tield binocular microscope to determine the time to first crack or
linear pit and the time to tailure arbitrarily detined as cracks, pits, or linear pits along
the entire length of the test section).

AL the end of testing, specimens of the various alloy and stress-fevel combinations
were sectioned to determine the nature of the attack that occurred. One specimen of cach '
Phasc H alloy at cach stress leveland one specimen of cach comparison alloy stressed at
20 and 56 ksi were examined. The busis for selecting specimens for sectioning was the ex-
tent of pitting or cracking, in all cases the most severely attacked specimen of the stress-
level group was sectioned. The sectioned specimens are listed in Appendix I

sl




0.060 FLAT ONLY
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—-0.070 SPECIMEN DIMENSIONS IN INCHES
‘\0.25\~4

SHORT-TRANSVERSE STHLSS, 0| LEG DEFLECTION, 6*

(KSD (IN.)

14 0.0065
20 0.0092
26 0.0120
32 0.0147
44 0.0203
56 0.0257

* MEASURED AT BOTTOM OF LEG

Ficure 19 Stres-Corvoston Test Specimen and Leg Deflections
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2. RESULTS

a.  Alternate-Immersion Testing

Resudts of the tests are summarized in Table 1V, At 32, 44, und 56 ksi, alloys 18 and
19 are less resistant to stress-corrosion cracking than the other Phase H alloys. but both
alloys are more resistant than the second heat of 7078 (7073-T651-2). All the comparison
alloys showed relatively high resistance with the exceptions ot 7079-To-G and 7575, The
higher susceptibility of extruded 7575 s compared with alloy 17 was unexpected, sitice both
alloys have similar compositions and were heat-treated similarly.

The resistance of 7079-T611-A was better than expected. Thisis retated to the fact
that several of the six spechmens tested contained cquianed grain structures or gram tlow
paraliel to the stress direction. These specimens were tahen trom a forging. and not all
ol them contuined the parting plane.

The alloys were compared as to extent of cracking o avas it by deterniin ™ whal
part ol the total length of cach specimen contained crucks or linear pits at the end of test-
ing. The summary data are given in Appendix 1. The average data as functions ol alloy
and stress level are plotted in Fig. 20.

The results of this analysis correlate well with the failure-time duta. Table IV, except
tor comparison alloys AZ74.61, 7075-T73. 7175-T7651 . and 75378, These allovs are subjet
to extensive damage at the higher stress Tevels, but this damage consists predomimantly o
pitting and linear pitting rather than the pronounced intergranular cracking prevalent in
several other allovs.

To rate the alloys accurately, the data of Table TV and Fig, 20 must by used in con-
Junction with information obtained from cross sections. Crossssection and time-sequence
photographs are displayed i Figs. 21 through S1 for stress Jevels of 26 Lsi Phase 1 and
compartison alloysyand 32 and 494 ksi (Phase L alloys onlyr. The end-of-test photographs
ol all other specimens are shown in Appendix 1V,

(1) 14-KSI Specimens

None of the 20 specimens stressed to T4 kst faled inafternate-immersion testing. ad-

of-test photographs of the T4-ksi specimens are shown in Appendin 1V Adloy 16 showed some

surtace pittmg after exposure, and alloys 17 and 20 had essentially the same appeaninge s
alloy 16, Additional copper tcompare alloy 17 with 19y catned an inercise in surtace pithing.
Alloys 18, 70751651 -1  and 7075705122 Jhowed little of no cortosion attack

Cross sections through the pitted areas of these speaimens showed that the damage was
restricted to shallow pits except in 7075-T651-20 Short, Munt miterziannlar protrusions
extended rrom the bottams of the pits. The total depth ob atiach was fess than 0.069 1,
One of the two 7073 T051-2 specimens showed sharp mtercemualn cracking.
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(2) 20-KSI Specimens

None of the 38 specimens stressed to 20 ksi failed in alternate-immersion testing.
End-ot-test photographs of these specimens are shown in Appendix IV. Again there was little
difference between the surfuce appearances ot alloys 16 and 17. Some general pitting was
apparent. Alloy 20 was slightly more heavily pitted and alloy 19 much more heavily pitted
than alloys 16 and 17. Alloy 18 was virtually unattacked. The two heats of 7075 showed
some general corrosion, and 7075-T651-1 showed some linear pitting.

Cross sections through the pitted or cracked areas of these specimens showed the
following:

Alloy 16 Very shallow pitting: depth less than 0.001 in.

Alloy 17 Pitting, sharp intergranular cracks; depth
0.0138 in.

Alloy 18 No pitting or cracking

Alloy 19 Pitting, sharp intergranular cracks; depth
0.025 in.

Alloy 20 Rounded pits, blunt intergranular protrusions:

depth 0.008 in.

7075-T651-1 Rounded pits, biunt iniergranular protrusions;
depth 0.010 in.

7075-T6S1-2 Sharp intergranular cracking

(3) 26-KSI Specimen;

Four failures occurred in the 58 specimens stressed to 26 ksi. Both 7075-T651-2 speci-
mens and ooth 7079-T6-G specimens failed at this level. Time-sequence and cross-section

photographs are shown in Figs. 21 through 37 for a heavily damaged specimen from each of the

Phase I1 and comparison alloys. The end-of-test photographs for the remaining 26-ksi speci-
mens are shewn in Appendix 1V.

Observation of the surfaces and cross sections produced the following findings:

Alloy 106 Ranged from no attack to moderate inear pitting
Alloy 17 Minor pitting
Alloy 18 Lincear pitting, sharp intergranular cracking:

depth 0035 in,

Alloy 19 Gengeral pitting and lincar pitting, biunt inter-
granular protrustons: depth 0 006 in.
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Alloy 20 Moderate pitting and linear pitting., blunt
intergranular protrusions; depth 0.008 in.
7075-T651-1 Minor pitting, sharp intergranular cracking: . 1
depth 0,035 in,
7075-T6S51-2 Extensive sharp intergranular cracking: (ailed
AZ74.6} Pitting and linear pitting, intergranular attack.
subgrain boundary branch cracking: depth 0.006 in.
AZ74.61-A Pitting and linear pitting. blunt intergranular
protrusions
7075173 Rounded pits. very blunt intergranular protru-
sions; depth 0.016 in. Grain flow was not nor-
mal to stress axis
X7080-17 Pitting and linear pitting. intergranular attack, ’
subgrain dislodgement :
3
7079-To 1 1-A General pitting: depth 0.008 in. Grain flow
was not normal to stress axis
7079-Ta1 14 Little attack. not sectioned. Grain flow was
not normal to stress axis
7079-T6-G Extensive sharp intergranular cracking: failed
7578 Moderate pitting and linear pituing, intergranu-
lar attack, subgrain boundary branch cracking:
depth 0.006 in.
7578 Heavy pitting and linear pitting: depth 0.013 in.
717817051} Moderate pitting and lincar pitting. blunt inter-
‘ granular protrusions: depth 0.005 in.
Additional comments are:
) Allovs AZ74.61 and X7080-T7 contained extensive substructures,
() Inalloys AZ74.601 and XT080-17 the primary cracks were continually blunted by a strong
tendeney for the crack front to branch along the subgrain boundaries.
() Alloy X7050-17 possessed a relatively large grain size and anodized with a surface
appearance difterent from that of the other alloys.
(y Crack propagation in 7079-F o4 was extremely rapid.

b




(4) 32-KSI Specimens

Seven failures occurred in the 40 specimens stressed to 32 ksi, as follows:

Alloy 16 One (damaged during anodizing) of five
Alloy 18 One of five
Alloy 20 One (damaged during anodizing) of five
7075-T651-2 Two of two
757§ Two of two

Time-sequence and cross-section photographs of a heavily pitted or cracked specimen of
each Phase 11 alloy are shown in Figs. 38 through 44. End-of-test photographs for ali other
32-ksi specimens are shown in Appendix 1V. Observations of the surface and cross sections
produced the following findings:

Alloy 16 Minor linear pitting. sharp intergranular crack-
mg:depth 0.023 in.

Alloy 17 Minor pitting and linear pitting, blunt inter-
granular protrusions; depth 0.008 in.

Alloy 18 Minor pitting. sharp intergranular cracking:
depth 0.049 in.

Alloy 19 Moderate pitting and linear pitting, inter-
granular protrusions. depth 0.0135 in.

Alloy 20 Minor pitting and linear pitting. blunt inter-
granular protrusions: depth 0.010 in.

7075-T651-1 Minor pitting, sharp intergranular cracking:
depth 0.010 in.

7075-T6S1-2 Extensive sharp intergranuior cracking: failed

(5) J44-KSI Specimens

Twelve failures occurred in the 39 specimens stressed to 44 ksioas follows:

Alloy 1X Three of three
Alloy 19 One of three
7075-Tos -1 Two ol tiiree
7075-T6S1-2 Two of two
7079-ToG Two ol two
7578 One of two
7578 One of two
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Timesequence and cross-section photographs of a heavily pitted or cracked specimen of
each Phase Il alloy are shown in Figs. 45 through 51. End-of-test photographs for the other
44-ksi specimens are shown in Appendix IV.

All Phase Il alloys exhibited sharp intergranular cracking. The extent of cracking was
less for alloys 16, 17, and 20 than for 18, 19, and 7075-T651-1. For the comparison alloys,
trends established at lower stress levels continued. Note that 7079-T6<G developed sharp
stress<corrosion cracks after only 2 days in test.

(6) 56-KSI Specimens

Fourteen failures occurred in the 28 specimens stressed to 56 ksi. as follows:

Alloy 18 Two of two
Aloy 19 Two of two
Alloy 20 One of two
7075-T651-1 Two of two
7075-T651-2 Two of two
7079-T611-A One of one
7079-T6-G QOne of one
7575 Two of two
7578 One of two

End-of-test photographs for the 56-ksi specimens are shown in Appendix IV, Cracking in
Phase 1l alloys was sharply intergranular. There was little difference in the extent or
nature of cracking between alloys 16 and 17, and both were less severely cracked than alloys
18, 19, 20, and 7075-T651-1.

Alloys 7075-T651-2, 7079-T61 1-A, and especially 7079-T6 failed quickly. All specimens
experienced a higher degree of cracking and pitting at this high stress level.

(7Y Unstressed Specimens

For comparison one anodized. unstressed rectangular specimen of ¢ach Phase 11 alloy
was placed in the alternate-immersion test with the stressed specimens. End-of-test photo-
graphs for these specimens are shown in Fig. 52, Residuai stresses in the commercial 707 8-
T651-1 were high enough to cause stress-corrosion cracking. Much of the cracking shown in
the end-of-test photograph occurred in the first 5 days of exposure. Cross sections through
the 7075-T651-1 specimen showed the cracking to be sharply intergranular to a depth of at
least 0.050 in.

Alloy 19 (high copper) showed more pitting than the other unstressed specimens. This
increased tendency toward pitting was also evident on the stresséirspecimens. Exeept for
the attack around the edges of the specimens where the anodized layer is less effective,
there was little difference in surface appearance among the other Phase 1 alloys. '

(8) Posttest Cracking

After the completion of alternate-immersion testing. the stressed specimens were stored
in the laboratory . still in the stressed condition. Later observations revealed that g number of the
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: cracked specimens cracked even turther in this laboratory environment. The specimens had .
; a residual coating of sodium chloride. Additional cracking occurred on alloys 16 and 17 at
' 56 ksi, alloys 18 and 19 at 26 ksi and higher, alloy 20 at 44 ksi, and 7075-T651-1 at 32 ksi
and higher. This additional cracking at any given stress level was less severe on alloy 19
than on any other Phase Il alloy, and more severe on alloy 18 than on any other Phase 11 alloy.
{9y Crack and Lincar-Pit Growth Rates

Growth rates along the length of the test section of each stress-corrosion specimen
were measured from the time-sequence photographs. When cracking or linear pitting occurred ‘
in more than one location, only one was used to calculate the growth rate. The crack or ;
linear pit selected for measurement was isolated wherever possible to minimize the compli-
cating effects of nearby parallel cracks.

The average growthe-rate data lfor cracking and linear pitting are shown in Table V. The 3
complete data for each specimen are shown in Appendix HI1. Three items are evident from %
the data:

1. The growth rates generally increase with increasing stress level for alloys 18, 19, 20,
7075-T651-1, 7073-T651-2, and 7079-T6-G. _
:
2. The growth rates do not increase smoothly with increasing stress level for Phase 11 : !
alloys 16 and 17 and for the overaged comparison alloys AZ74.61, 7075-T73, X7080-T7.

7575.7578. and 7178-T7651. This results from a greater tendency for the cracks io

blunt in these alloys and to slow or to stop growing along the length of the test

section.

3. The only alloys having growth rates greater than 0.001 in.-hr at the 56-ksi stress

level are 7079-T6-G, 7079-T611-A, 7075-T651-2, and 19. The fastest growth rate observed

was 0.038 . br for 7079-T6-G. At the lower stress levels of 26, 32, and 44 ksi. only t

alloys 7075-T651-2 und 7079-T6-G showed growth rates greater than 0.001 in./hr: 7079-

To6-G still had the highest growth rates (0.013 to 0.015 in.;hr).

b.  Testing of Double-Cantilever Beam (DCB) Specimens ’

The DCB specimen is currently used at Boeing and the Naval Research Laboratories (4) . ;

' o ncasure K. Kygee. and stress-corrosion crack growth rates as a function of stress
intensity level in high-strength aluminum alloys. This specimen was developed by Ripling.

Mastovoy, and Patric (5),  and was initially used to measure the fracture toughness of ad-
hesive joints. Gilman (6) used a similar specimen to obtain direct measurement of surface
energy in ionic crystals. More recently this specimen was used to measure the pline-strain
fracture toughness ot several high-strength matcerials (7. 8).

Two DCB specimens with dimensions of 5 by 1 by 0.25 in. (Fig. 33) were fabricated i
from each Phase 11 alloy to test whether Ky and Kygee could be determined from the
0.25-in.-thick Phase I alloy material, The usual thickness of a DCB specimen at Boeing is
1 in. Because of the thinness of the Phase 11 specimens, fracture of the arms during stressing
was i problem: therefore. the specimens were louded to a deflection of only 0.080 in. At '




Table V. Comparative Growth Rates of Stress-Carrosion Cracks or Linear Pits

:
i Average growth rate (t______housa‘:\rdths in.) "
Alloy 14 ksi ' 20 ki 26 ksi 32 ksi 44 ksi 56 ki
] 1o 0.027 II . 0.114 0.020 0.082 0.057
L 17 0.057 0.019 . 0.075 0.095 0.095 |
18 L. .- 0.046 0.187 0.498 0.723
19 0.007 0.108 0.153 0.168 0.147 157 |
20 0.057 0.027 0030 | 0055 0.073 0.244
07576511 1 0037 0.037 0.010 ' 0.047 0.220 0.527
075T6512 | 0,038 116 i RS 342 5.17
’ | AzZ7461 0.061 i 0,052 0.067 0.107
| AZ74.61-A 0113 | .- 0.003 !
707573 o 004 0043 & ... | 0099 | 0080 |
X7080-T7 --- l .- 0.091 ..~ 0043 1 0070
: | 07916114 | - SR
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this deflection plane-strain fracture (pop-in) did not occur and the DCB specimens were
not precracked. Ip contrast, the 1-in.-thick specimen is deflected until pop-in occurs, thus
allowing K- to be calculated and causing a sharp crack to be present at the start of
stress-corrosion testing.

Three times a day the notch tip area of each specimen was covered with 3.5-percent
sodium chloride solution to provide the corrosive environment. (The steel bolt used to load
the specimen was not in contact with the solution.) Crack-length-vs.-time data for these
specimens are plotted in Fig. 54. The fastest crack growth rates occurred in 7075-T651-1,
18.and 19. Average rates for the three alloys at a crack length of 0.9 in. were:

7075-T651-1 0.0028 in./hr
Alloy 18 0.0031 in./hr
Alloy 19 0.0003 in./hr

Cracking in alloy 19 is slower than in 7075-T651-1 and 18, whereus in the data of Table V
it is faster. These growth rates are higher than any shown in Table V for 7075-T651-1 and
18. and lower than any shown in Table V for alloy 19.

The growth rates for 7079-T6-G in Table V are much higher than for alloys 7075-T651-1
and 18 in the DCB configuration. This indicates that 7079 has by far the highest stress-
corrosion crack growth rates. This rapid growth rate for 7079 has been confirmed using 5-
by-1-by-1-in. short-transverse DCB specimens of 7079-T651 from l-in.-thick plate. Growth
rates as high as 0.1 in./hr have been measured for this alloy at K levels of about 20 ksi Jin.
Audible “pops” are heard periodically during this rapid crack growth. indicating that crack
growth is discontinuous.

¢.  Industrial-Environment Testing

To evaluate the behavior of the Phase 11 alloys in an industrial environment. 60 speci-
mens of the configuration shown in Fig. 19 were tested outdoors: two each at 20 ksi, three

cach at 26 ksi. two each at 32 ksi. two each at 44 ksi. and one cach unstressed (Appendix I11).
Comparison alloys tested outdoors were AZ74.61. six specimens: 7575, two specimens: 7578,

two specimens; and 7178-T76. two specimens. All comparison alloys were stressed to 26 ksi.
After 160 days in test. no cracks have been observed on any of the specimens. These
specimens will be left in test for several more months.

d.  Exfoliation Testing

Exfoliation corrosion testing of 3-by-5-by-0.25-in. panels of each Phase 1l alloy and
several other commercial alloys were conducted in a salt-fog cabinet, using S-percent sodium
chloride solution buffered to pH 3 with acetic acid. Test procedures were those described
in Ref 9. After two wecks of testing. none of the Phase Il alloys showed any signs of ex-
foliution corrosion. Some other alloys (2014-T6, X2021, and slowly quenched 7075-T651)
showed mild to severe extoliation attack.
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Figure 54, Stress-Corrosion Crack Propagarion Curves for DCB Specimens




SECTION 1V

DISCUSSION

The high-strength 7000-series aluminum alloys in current use, particularly 7075-T6 and
7079-T6. have an unfortunate susceptibility to stress corrosion cracking and thus are subject
to random service fractures. One goal of aluminum alloy development then is to significantly
feduce the incidence of these random fractures without materially affecting the product per-
formance. What constitutes a significant reduction and how performance is affected are engi-
neering judgments.

The T73 heat treatment for alloy 7075 produces a very high stress-corrosion resistance
and is used 1n applications where near-immunity is required. However, this immunity is
achieved with about 14 percent reduction in minimum allowable mechanical properties.

It has been proposed that AZ74.61. a silver-bearing altoy. could offer both the stress-
corrosion resistance of 7075-T73 and the high strength of 7075-T6. This study has shown
that AZ74.61 has good stress-corrosion resistance. but its mechanical properties are similar
to those of 7075-T73. It does not appear that the minimum propertics of 7075-T6 can be
guaranteed for AZ74.61.

Two alloys, 7178-T7651 and 7001-T75. with higher mechanical properties than either
7075-T73 or AZ74.61 possess a stress-corrosion resistance adequate to meet the goals of this
contract. However, these alloys huve a disadvantage shared by both 7075-T73 and AZ74.61:
They contain chromium and are quench sensitive. The higher copper content in 7001, 7178,
and 7075 further increases the quench sensitivity of these alloys. In addition. the very high
alloy content in 7001-T735 results in low fracture toughness.

The new low-copper, chromium-free X7080-T7 is a quench-insensitive alloy that offers
good stress-corrosion resistance (but less than 7075-T73) und strength comparable to that of
7075-T73.

There is a need for a stressscontosion-resistant alloy with the strength of 7075-To. This
alloy must have fatigae and fracture toughness propertics equal to or better than those for
7075-T6. and should offer stress-corrosion resistance substantiolly greater than that ot 7075-T6
and 7079-T6. The alloy that will meet the poals of this contruct is not commerciaily available.
These goals can be met by o chromium-free., silver-free, zirconiuni-bearing, medium-copper
alloy with a zinc and magnesium content intermediate between those of 7075 and 7178,

One of the alloys studied in Phase U of this contract contained zirconium in place of chromium,
but the alloy ulso contained silver. This atloy, without silver. is the alloy recommended for
further development. 1ts nominal composition 1s 6.4°7 Zn. 255 Mg 1.1 Cu. 0.1 Mn,
0.15° Zr.

The remainder of this discussion considers the following engineering and technical points
that led to the recommendation of this alloy composition”

o  The ctfect of silver additions
e  Mecting the stress corrosion goal
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Meeting the mechanical property goal
Controlling quench sensitivity
Maintaining fracture toughness
Maintaining fatigue properties

1. THE EFFECT OF SILVER ADDITIONS

Patents filed by Rosencrunz in 1958 (10, 11) stated that silver additions improved stress-
corrosion resistance in a range of wrought Al-Zn-Mg alloys. In 1960, Polmear (12, 13) found
that silver additions stimulated the precipitation of the M' phase in high-purity Al-Zn-Mg
alloys, so that it was very evenly dispersed. Precipitation occurred even in the grain boundary
regions, where precipitate-free zones were observed in high-purity silver-free alloys. Polmear
suggested that this effect of silver should lead to increased resistance to stress-corrosion crack-
ing: this increased resistance was verified in limited laboratory tests on sheet materials. He
also suggested that the microstructural changes induced by silver would provide increased
shatter resistance (higher toughness) under ballistic impact.

Later work by Polmear (14) showed that similar microstructural changes occurred with
silver additions to certain high-strength commercial Al-Zn-Mg alloys. In addition, high strengths
could be obtained at higher than normal aging temperatures. He suggested that the higher aging
temperatures would also improve stress-corrosion resistance by reducing residual quenching
stresses. Preliminary tests indicated that silver slightly improved the unnotched fatigue prop-
erties of a forged commercial silver-bearing alloy: Polmear suggested that this was due to the
increased microstructural stability of alloys containing silver. It was also reported that silver
additions increased the quench sensitivity of these high-strength aluminum alloys (14, 15).

These carly studies indicated that several beneficial effects could be achieved by adding
silver to high-strength Al-Zn-Mg commercial alloys. Some of these effects are:

Increased stress-corrasion resistance

Improved mechanical propertics at higher than normal aging temperatures (> 250°F)
Improved fracture toughness

Improved fatigue propertics

It was recognized that silver additions could increase quench sensitivity. Subsequent
work has been involved with evaluating the expected beneficial effects.

a.  Stress-Corrosion Resistance

It wus recently reported (10) that the presence of silver makes no difference in the short-
transverse stress-corrosion threshold stress in 7075-type alloys thermally treated to develop
equal strength. This investigation was conducted with 2-n.-thick plate.

A more favorable view of incredsing stress-corrosion resistance with silver additions was
recently published by Flkington and Turner (17). These investigators evaluated the effects
of silver on strength and stress-conosion resistance by using a base alloy with two different
copper contents and with and without manganese and chromium. The material was in the form
of 3-in. plate. The alloy s were quenched at various rates. held § days at room temperature.
and aged 12 hr at 273°1 . The silver-bearing alloys were also tested after aging 6 hr at 329°F.
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It was reported that the silver addition produced marked improvement in stress-corrosion re-
sistance, as did the addition of chromium, a slower quenching rate, and an increase in aging
temperature. The investigators concluded that an attractive combination of stress-corrosion
resistance and tensile properties could be obtained with an alloy containing 6% Zn, 2.57 Mg,
1.35% Cu, 0.5'7 Mn, und 0.3°7 Ag.aged 6 hrat 329°F,

The alloy proposed by Elkington and Turner is very similar to the chromium-free,
manganese-bearing X7080 comparison alloy of this study (X7080-T7). with the exception
of the silver addition. The composition of the X7080-T7 was 5.88% Zn, 2.3% Mg, 0.86%"
Cu, and 0.38% Mn; the heat treatment is proprietary.

Both alloys possess good stress-corrosion resistance. Elkington and Turner reported that
four out of five short-transverse stress-corrosion specimens of their alloy were unbroken after
100 days at 90 percent of the OQ.1-percent yield stress in a rural environment. One specimen
broke in 97 days (17). They did not report whether cracks were present on the unfiiled speci- 1
mens. The test specimens were loaded in four-point bending under constant load (Black test). i

Comparison datz on X7080-T7 obtained at Boeing in an industrial environment (specimen
shown in Fig. 19) show that no failures have occurred after 450 days in test for three speci-
mens stressed between 40 and 60 ksi. All three specimens have shown intergranular cracking,
however. Cracking. but not fuailure. also occurred on the X7080-T7 specimens tested in the
3.5-percent alternate-immersion facility, These cracks grew very slowly. and no failures of
X7080-T7 occurred during the 90-day exposure. From this information it appears that
X7080-T7 and Elkington and Turner's proposed alloy are similar with respect to stress-corrosion
resistance.

One aspect of the current program was to evaluate the effect of silver on the stress-corrosion
resistance of the step-aged Phase 1l base alioy. The results show no consistent ditferences be-
tween the stress-corrosion performance of alloy 16 and alloy 17 tn the T6 + 10 hrat 320°F heat
treatment. Both alloys were equally resistant to stress-corrosion cracking.

On the basis of these results it does not appear that a silver addition to an alloy provides
improved stress-corrosion resistance over that of a similar alloy without silver when both

alloys are overaged.

b.  Mechanical Properties

During Phuse |, silver additions to a 7075-type alloy aged at 320°F after a 4-day room-
temperature delay were found to increase the strength several percent over that of o similar
silver-free alloy. However. it has been shown (18) that silver has a greater strengthening ettect
on 7075-type alloys than on more highly alloyed alloys of the Phuse H type. In addition. the
degree of strengthening duc to silver noted in Phase | may not be realistic because the Phase |
alloys were not step-aged. Optimum mechanical properties muy require step aging. especially
for the silver-free alloy.

Alloy 17 possessed a longitudinal vield strength 1.3 ksi greater than that of alloy 16.
This small strengthening effect of silver on the Phuse 1 base alloy might have been even smaller
had the optimum room-temyperature delay time been used tor alloy 160 Rosencrans (19 re-
ported a substantial cffect of room-temperature delay time on the strength of silver-free allovs
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of the AZ74 type when aged-at 320°F. When these silver-free alloys were room-temiperature
aged for 15 to 48 hir, strengths were as much as 9 ksi below tho: : which <ould be attained
with a 15-day room-temiperature delay. The final age in this case was 10 hr at 320°F. The
same eftect for other silver-free alloys (7075-T6. 7178-T6) is well known. and data (3) indicate
that the difference between optimum and redused yield strengths for 7' 78-Te and 7075-Té6
can be as high us 3 ksi. For 7178 the highest strengths are obtained with a minimum delay
between quenching and aging. This is also true for 7075, but delays of 4 to 30 hr are more
detrimental than longer delays. At higher aging temperatures, this difference (1 to 3 ksi) be-
tween optimam and reduced yield strengths would probably increase.

In silver-bearing alloys of the AZ74 type. Rosencranz found that room-temperature de-
lay time had little effect on tensile properties when the alloys were aged at 320°F. Thus the
tensile properties of the silver-bearing Phase I alloys are typical (room-temperature delay time
probably has little eftect). but the tensile strength of base alloy 16 is not optimum and may
be slightly below that possible with shorter or longer room-temperature delay times. Had the
base alloy been given a longer or shorter room-temperature delay time before the uging treat-
ment. the small strength advantage of the silver addition would have been reduced.

In the comparison alloy tests. the commercial silver-bearing alloy AZ74.61 showed good
stress-corrosion resistance but did not offer a strength advaniage over the silver-free 7075-T73
alloy. In another study. however, James (20) reported a substantial strength advantage for
AZ74.61 over 7075-T73. This discrepancy apparently involves the question of minimum
allow able properties versus mechanical properties from random samples. There is no indica-
tion at present that the minimum allowables for AZ74.61 will be as high as those of 7075-T6.
but they may be higher than those of 7075-T73.

¢.  Quench Sensitivity

Using cooling-rate data from Ref. 3, the average cooling rate in the center of the boiling-
water-quenched X7080 comparison alloy was 0.8°F per second between 730° and 556°F. A
comparison with cooling-rate daty for Elkington and Turner’s proposed silver-bearing alloy is
shown below:

Cooling rate 0.2-percent yield strength
X7080-T7 0.8° Fisec 61.9 ksi (transverse)
Elkington and 0.8°Fisec 36 ksi (short-transverse)
Turner's 36°F/sec 59.5 ksi {short-transverse)
alloy 180° F/sec 68 ksi (short-transyerse)

The fact that Elkington and Turner measured average cooling rates from 779° 1o 383° F
instead of from 750° to 5S0° F makes little difference in this comparison.

The XT080-T7 has a strength advantage for cooling rates below 36°F per second. This
cooling rate is cquivalent to that in the center of 2.0-in.-thick plate quenched in 75° F water.
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The Elkington and Turner alloy had higher strength than X7080-T7 when rapidly quenched.
This can be attributed to its higher zinc, magnesiuni, and copper conient, and to a small
strengthening effect of silver at the higher cooling rates. This alloy’s increased quench sensitiv-
ity is due to the silver addition and to its slightly higher manganese and copper content.

An increased quench sensitivity was also noted in the Phase Il alloys with silver additions.
Alloy 18 was mare quench sensitive than the silver-free X7080-T7. Quench sensitivity also
increased with higher copper content in the Phase 11 alloys.

1t has been shown that the detrimental effects of silver on quench sensitivity are less
severe in low-magnesium ulloys (21). Polmear, however, has reported that cracking is a problem
in larger ingots with reduced magnesium contents (22).

The increased quench sensitivity of the silver-bearing. chromium-free alloys is detrimental
because slow quenching otfers three important advantages. First. residual stresses due to quench-
ing are reduced significantly; second. parts can be heat treated in thick sections with minimum
distortion during subsequent machining; third, slow cooling rates are beneficial to stress-corrosion
resistance (17, 23),

d. Fracture Toughness

Alloys 17 und 18 possessed the best toughness-strength combinations. The silver addition
in alloy 17 had a beneficial effect on K¢ : despite a higher strength for alloy 17, it is tougher
than alloy 16. With alloy 16 as a reference point and using the average slope of the curves in
Figure 55 (-3.5 ksi {in. per | ksi Fty)- alloy 17 is 11 percent tougher than expected.

The Royal Armament Research and Development Establishment (RARDE) in England
has also found stlver to be valuable in increasing resistance of shect to shatter under ballistic
impact (24). Shatter under ballistic impact is particularly severe if the sheet is in tension
during impact. RARDE measured the susceptibility to shatter by means of a Charpy im-
pact test at liquid nitrogen temperature (-196°C). A 0.3-pereent silver content was found to
promote freedem from shatter in both low- and high-copper versions of DTD 6878 (5.7 Zn.
2,677 Mg, 04577 or 127 Cu, 01277 Cr. 0.30 Mn). In these tests the alloys were aged to peuk
strength at temperatures from 230%o 329° F.

e.  Fatigue Properties

The slight beneficial effect of silver on fatigue-crack growth properties in distilled water
was not expected on the basis of previous work (251, That worlk sirowed silver to have a slight
detrimental effect. but was conducted on To-temper alloys with lower zinc and magnesium
content ard higher copper content than the Phase 11 alloys.

Polmear 122y has conducted o[hc‘r tests on silver-free and sitver-bearing alloys. using
notched and unnotched Tatigue specimens from the short-transverse and longitudinal directions
of 2-in.-thick plate, Silver significantly increased the unnotehed tatigue endurance linit at
10% ¢cyeles of 4 fow-copper altoy (5,777 Zn, 22700 Mg 0.5 Cu. 0.277 Cry in the short-transverse
direction. However. i a higher-copper aitoy (3.7 7Zn. 2770 Me L3S Cu 0.2 0 Crosilver
produced no ¢hange i the endurance limit at 108 ¢yeles in either the netehed or unnotehed
condition.
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Rotating-beam fatigue tests on the silver-bearing alloy AZ74.61 (6% Zn, 2.3% Mg, 0.85%
Cu, 0.2% Cr, 0.4% Ag) have shown no increase in endurance limit over that for similar silver-
free Al-Zn-Mg alloys (26).

DiRusso has studied the effects of silver on chromium-bearine und zirconium-bearing
7075 (5.7% Zn, 2.5% Mg, 1.8% Cu, 0.18% Cr or Zr) in the form of extruded bar and rolied
sheet (27, 28). He also found litiie difference in fatigue properties between silver-free and
silver-bearing alloys.

f.  Economic Considerations

The current price of silver is more than $1.80 per troy ounce. To add 0.3 weight percent
silver to a wrought Al-Zn-Mg alloy would cost more than S0.08 per pound. assuming that pro-
duction, processing. and handling costs of the silver-bearing alloy do not also increase.

1 Increased cost can be justified either by (1) reducing service problems (i.e. stress-corrosion
d cracking) or (2) increasing strength (i.e. reducing structural weight). It has already been shown
that silver additions do not increase the stress-corrosion resistance for overaged alloys.

It is not uncommon to set a value on a pound of weight saved: this figure is often $50.00
per pound or higher. It can be shown that silver additions are economically justified if the
1 minimum mechanical properties allowables are raised by | ksi, even assuming that 3 Ib of alloy
i are required to produce a 1-lb as-machined part.

Will silver additions raise the minimum mechanical property allowables by | ksi? 1t
appears that this would be the case in rapidly quenched thin sections. However, since silver
increases quench sensitivity. it is more likely that, for thick sections, a silver addition could
actually lower the allowables,
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Since neither improved stress-corrosion resistance nor higher mechanical properties result
(for thick sections). the addition of silver does not appear justified.

g.  Summary

Silver additions to the Phase 11 base alloy produced several beneficial effects, i.e. (1)
greater fracture toughness, (2) lower fatigue-crack growth rates, and (3) a slight strength in-
crease in thin, rapidly quenched sections. The addition of silver to the recommended alloy
does not appear warranted, however, on the basis of:

(1) The small extent of the beneficial effects

(2) The similar stress-corrosion performance of the silver-free and silver-bearing overaged
Phase 1 alloys

(3} The problem of quench sensitivity in thick sections.
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2. MEETING THE STRESS-CORROSION GOAL

Hunter et al. (29) state that “if a part is to fail. a crack must initiate. and if conditions
conducive to crack initiations are maintained, failure almost certainly will result. Thus, it is .
the initiation ot the crack. and the tactors related to initiation, that determines whether a
part will survive or fail.”

O T

We agree with this statement, but two important factors must be considered from an
engineering point of view: (a) virtual immunity (e.g. in 7075-T73) can only be achieved
with a considerable reduction of mechanical properties: (b) the vast majority of 7075-T6
and 7079-T6 parts perform satisfactorily in service. The results of this program indicate
that Phase 11 alloys 16 through 20 in the step-aged condition would all perform better in
service than 7075-T6. The superior performance of these alloys would be expected whether
considering an clectrochemical model or a coplanar slip model. !

Sprowles and Brown (16) relute the superior resistance to intergranular attack and stress
corrosion in overaged 7075-T73 to electrochemical effects, in particular to a reduction in the !
amount of copper in solid solution in the grain bodies. This reduction occurs during the
sccond high-temperature aging step of the T73 heat treatment. The net result is that the grains
and grain boundarics attain the same potential, This conclusion is based in part on the work
of Hunter, Frank. and Robinson as reported by Sprowles and Brown (16) and Fink and Wiley
(30). Hunter, Frank. and Robinson found selective corrosion along grain margins in thin films
of slowly quenched (45° Fsec) 7075-T6 sheet. This selective corrosion left grain boundary
precipitates unattacked. Fink and Wiley suggested that the grain margins would be anodic be-
cause of the partial depletion of the solid solution of copper at the grain edges, thereby causing
the grain margins to become anodic to the grain bodies and to the precipitated constituent in
the grain boundaries. These observations were in accord with those reported by Brown (16)
on the effect of artificial aging on the electrochemical potential of rapidly quenched 7075,
Brown reported that aging at 250° F caused the potential of the 7075 to shift about 75 mV
in the cathodic direction after 24 to 36 hr. Additional aging at 250° F caused little change.

If after aging 24 hrat 250°F the alloy was aged 8 hr at 350° F. Brown found that the potential ‘
shifted about 35 mV in the anodic direction. As Brown pointed out, these changes in potential |
indicute the precipitation of zine from solid solution at the lower temperature and of copper
at the higher temperature. The second aging step thus reduces the copper in solid solution in ’
the grain bodies. with the result that the grains and grain boundaries attain the same potential. i
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However, changes other than electrochemical changes ulso occur with overaging. The co-

; herency. size, and volume fraction of the hardening precipitates cliange during aging. Speidel
(31.32.33) and Holl (34) have shown by thin-foil unalysis of deformed high-strength aluminum
alloy's that these changes alter the mode of dislocation movement. Coplanar slip with pile-ups
at grain boundaries has been observed in the alloys susceptible to stress-corrosion cracking.
whereas the more overaged alloys exhibit slip bands containing curved dislocations and dis-
location ioops and tangles. These authors postulate that the pile-ups at grain boundaries
oceurring 1n the susceptible alloys can cause intercrystalline fracture in the manner proposed by
Robertson and Tetelman (35) und Stroh (36). Slip line evidence showing dislocation pue-ups
at u cracked grain boundary of an Al-7.5Zn-2.4Mg alloy has been obtained by Rrummer et ul.
(37).
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No cracks have occurred in alloys 16 through 20 in the industrial environment after 160
days at 20, 26, 32, and 44 ksi. The performance of alloy 18 in the alternate-immersion tests
and in the double-cantilever beam (DCB) stress-corrosion configuration was somewhat inferior
to that of alloys 16. 17, 19, and 20. However, additional overaging is proposed for the recom-
mended alloy (aloy 18 without silver). its stress-corrosion resistance should be significantly
greater than that of alloy 18, Overaging is definitely the method to achieve increased stress-
carrosion resistance. Even the highly susceptible alloy 7079 can be made highly resistant to
stress-corrosion cracking with sufficient overaging: The 7079-To11-G comparison alloy (highly
overaged as evidenced by its high electrical conductivity. Table 1) possessed excelient stress-
corrosion resistance, but its yield strength was the lowest of any alloy tested. The silver-bearing
alloy 7578 is another example. This alloy is very similar to alloy 20 except for its higher aging
temperature (T6 + 8 hr at 340° F). The corrosion attach consisted of very blunt pitting (Fig.
36). similar to that which occurred on the 7075-T73 (Fig. 30). The higher aging temperature
also resulted in lower mechanical properties for the 7578, and the strength of this alloy was
comparable to that of AZ73.61. AZ74.61-A. and 7073-T73.

Thus the degree of overaging must be the minimum i cquired to impart the desired level
of stress-corrosion resistance. Aging curves indicate that the time at 320° F_can be doubled
for alloy 18 without lowering properties below those of 7073-T6. Since silver influences
strength only slightly. the recommended alloy should be overaged approximately 20 hr at 320°F.

a.  Composition Effects

Other factors that may intluence stréss-corrosion resistance are summarized below.

(1) Minor Element Additions

The effects of silver. boron. cerium, yttrium. and zirconium on stress- orrosion resistance
were evaluated in Phases | and 11, It is apparent that the etfects of thermal treatiment far out-
weigh the individual elemental effects. An additional comment on the effect of silver is that
alloys with high silver contents (e.g. 7578) show a high density of pitting attack. This eftect
was also noted in Phase 1 (1)

(2 Copper Content

Another possible explanation for the difference in performance between 7075-T73 and
TI78-T7651 us compared to X7080-T7 is their different copper contents. The higher copper
contents in the former two alloys may have contributed to their tendency to pit rather than
to crack as the X7080-T7 did. However. alloys 17 and 18 contained the same copper content.
In this case. the lower rute of overaging noted in alloy I8 certainly contributed to the greater
extent of crucking in this alloy. 1t should also be noted that higher copper contents increase
quench sensitivity,

(3 Manganese, Chromium, ana Zirconium

The muanganese-bearing and zirconium-bearing allovs may not be as resistunt to stress-
corrosion cracking a~ similarly aged chromium-bearing alloys (7073-T73,.7178-T7651). For
exanmple. no spectmens of alloy 18 fuiled at stress levels of 26 Ksi or below (the goal was 25 ksi
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3 threshold). but cracks did develop in three of the six specimens of this alloy at 26 ksi. The .
manganese-bearing, stress-corrosion-resistant X7080-T7 comparison alloy also developed sharp
intergranular cracks at the 206-ksi stress level,

One possible explanation for the poorer performance of the manganese- and zirconium-
bearing alloys is the fact that the thin-foil analysis showed a much lower density of intermetallics ;
in the manganese-bearing X7080-T7 and the zirconium-bearing alloy 18 than in the chromium-
bearing alloys 17, 7075, and 7178, Speidel (31) iwas suggested that the intermetaliic particles
formed by chromium, manganese, and zirconium are either bypassed by dislocations or act as
dislocation sources when the material is stressed. thus reducing the effective stress concentra- i
tion at grain boundaries that results from coplanar slip and pile-ups in susceptible alloys. The
much greater density of intermetallics observed in the chromium-bearing alloys could there-
fore be more effective in reducing the extent of dislocation pie-ups at grain boundaries.

TRV,
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However, the same effect of reducing pile-ups has been shown by Speidel (31, 32, 33)
and Holl (34) to occur by overaging these alloys until a large fraction of the hardening precipi-
tates are bypassed rather than sheared. Therefore, even if manganese- and zirconium-bearing )
alloys are slightly inferior, overaging in these alloys should maintain a high level of immunity. i 3

b. Other Metallurgical Effects

e e meae en e

(1) Substructure, Quench Rate, and Grain Orientation

The improved stress-corrosion resistance of the recommended alloy after additional over-
aging may be further increased if slower quenching rates are used. This expectation is based
on the work of Elkington (23). He showed that slower quenches or prolonged aging after
slow quenching increased the stress-corrosion life of DTD 5034 (5.2-6.2% Zn, 2.2-3.2% Mg, H |
0.3-0.7¢¢ Cu, 0.18-0.5°¢ Cr + Mn) by increasing the amount of subboundary precipitation. He ! i
also showed that the amount of substructure in DTD 5034 could be increased by varying the
amount of working. Increased substructure resulted in increased stress-corrosijon resistance.

Would alloy 18 have performed better if it had been boiling-water quenched (more sub- H ;
boundary precipitation) rather than cold-water quenched? It appears that the answer is yes.
Nonc of the Phase Il alloys showed any heavy subboundary precipitation, as evidenced by vt
the difficulty in observing the subboundaries in etched samples of these alloys. However, 3
. subboundarics were clearly visible in the more resistant AZ74.61 and X7080-T7 comparison
§

i
i

e

alloys. The larger amount of subboundary precipitates in these alloys is probably due to
the slower quenching rate. Also, in the case of X7080-T7, the alloy was almost certainly
more highly overaged than any of the Phasc I alloys. This conclusion is based on the high
cleletrical conductivity of the X7080-T7 and the electron microscopy study.

The increased subboundary precipitation in the AZ74.61 and X7080-T7 was a factor in
the good performance of these alloys in the stress-corrosion test. Both heats of AZ74.61 and
the X7080-T7 showed definite intergranular attack even at the 26-ksi stress level, but the ” {
cracks propagated very slowly. Primary cracks were continually blunted because of a tendency
for the attack to branch out along the subgrain boundaries (Figs. 28 and 31). The attack dis- 1

. lodged entire subgrains along the primary grain boundary, resulting in a blunted crack and
: retarding the preferential propagation of any one crack.
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The better than expected performance of alloy 7079-T61 1-A (Fig. 32) resulted at least -
in part from the grain structure and grain flow orientation at the parting planc of the forging
from which the specimens were taken, and not from an inherently resistant structure (which
can only be achieved by overaging).

(2) Fabrication History

The difference in stress-corrosion resistaince between the two heats of 7075-T651 indi-
cates that the pile-up theory by itself is not cnough to explain stress-corrosion susceptibility.
This follows from the fact that in two different heats of 7075-T651 with similar chemistry,
heat treatment, and grain structure, similar dislocation arrangements (restricted slip and pile-
ups at grain boundaries) would be expected and thus could not account for the differences in
stress-corrosion performance. On the other hand. differences in local chemistry along grain :
boundaries of the two heats of 7075-T651 might explain the differences in their performance. =
These chemistry differences could result from ditferences in starting ingot size, homogenization
time and temperature, and time-temperature-fabrication history. Some work has been re-
ported on the eftect of various homogenization temperatures on the composition gradients
across grain boundaries (38).

To determine if the difference in stress-corrosion performanee could be accounted for by
1 differences in composition across grain beundaries. 4 microprobe analysis was made at low

’ angles across grain boundaries in the two heats of 7075-T6S1. The analysis was for
zinc. magnesium. and copper. Although slight variations in copper content from point to point
4 were noted. no consistent differences in composition at the grain boundaries were detected,
The reason for the different performances in the two heats of 7075-T651 is not clear at this
time.

(3)» Resistance to Exfoliation

None of the overaged Phase 11 alloys were susceptible to ¢xtoliation corrosion. This would
be expected on the basis of the electrical conductivities of the Phase [ alloys. Rotsell (39) has
shown that susceptibility to exfoliation becomes negligible when the ulloys are overaged to
electrical conductivities of about 35 peicent IACS or greater. His tindings are based on studies

' of 7075.7178. and 7001.

a2

3. MEETING THE MECHANICAL PROPERTY GOAL

4 Since all the Phase 11 alloys except alloy 20 were located in the center of a proposed com-
position range. their mechanical properties must be considered ty pical. not minimum. To ob-
tain some idea of the minimum mechanical properties of the proposed alloy. a value must be
subtracted trom the typical values obtained for alloy 18, Subtracting 7 ksi trom the tensile
propertics observed for alloy 18 is reasonable in estimating the minimum longitadinal proper-
ties. Theretore, the minimum yield strength for the recommended alloy with a heat treaument
of T6 + 10 hrat 320°F should be about 72 ksi (79 ksi - 7 ksi). This calculation assumes that
climinating silver from the proposed alloy will have as ittle an effect on strength as was ob-
served between alloy Toand 17, Since additional overaging is suggested for the recommended
alloy. the 72 ksi value must be reduced turther. Based on the aging curves for alloy 18, the
proposed aging treatment of T6 + 20 brat 320°F would not lower the mimimum strength of
the recommended alioy below that of 7075-T6 for coniparable Torms and thicknesses.
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4. CONTROLI ING QUENCH SENSITIVITY

The phase H base alloy met the stress-corrosion and strength goals of the contract. How-
ever, the presence of chromium results in @ quench-sensitive alloy. It would be an obvious
advantage to be able to eliminate or replace chromium without sacrificing strength, fracture
toughness. fatigue life. or stress-carrosion resistance. Chromium can be replaced with man-
ganese (e.g. X7080). and Panseri and DiRusso (40) have shown that zirconium may substitute
for chromium in promoting subgrain formation and in inhibiting recrystallization of 7075
during solution treatment.

Bryant (41) has shown that chromium additions make an alloy mote quench sensitive
than do mangancse additions. DiRusso (2) has shown that chromium additions make an alloy
more quench sensitive than do zirconium additions. DiRusso postulates that chromium can-
not maintain a high concentration of vacancies at slower quenching rates and that the effect
is a reduction in the number of nucleation centers (assuming that nucleation requires solute
atom-vacancy clusters). The resulting less dense and coarser hardering precipitates cause
lower strength. DiRusso proposes that zirconium maintains a high concentration of vacancies
even at low quenching rates because of a high interaction energy of the zirconium with vacancies.

Robinson and Hunter. according to Sprowls and Brown (16), have stated that chromium
aceelerates zone growth. This effect is reported to be due to chromium atoms that remain in
solid solution and increase retention of vacancies during quenching. This view seems to con-
flict with DiRusso’s.

Bryant (41) states that chromium and manganese increase quench sensitivity by nucleating
preferential precipitation during quenching so that a portion of the soluie is not available for
subsequent age hardening.

Bryant discusses two possibilities to account for the behavior of chromium and manganese.
First, the chromium and manganese atoms in supersaturated solution may form clusters that
provide sites tor precipiiate nucleation, The slow diffusion rates of the chromium and manga-
nese permit this supersaturation at levels far above the equilibrium solid solubility. Second.
the recrystallization-inhibiting properties of these two elements result in the formation of a
stable dislocation substructure, which persists throughout solution treatment and provides
nuclei for the preferential precipitation of solute during the quench. The fact that chromium
hus a more marked effect on quench sensitivity than manganese is attributed by Bryant to the
slower diffisuion rate of chromium and its greater ability to inhibit recrystallization,

Zirconium will be used in place of chromium in the recommended alloy. Thc alloy will
thus be less quench sensitive.

S, MAINTAINING FRACTURE TOUGHNESS

Fracture toughness nroperties for ail Phase 11 alloys were comparable to those for 7073-
Jos51 One ol the Phase 11 alloy s contained the highest zinc + magnesium content in the pro-
posed chemistry range. This alloy possessed higher strength than the Phase 11 base alloy and
provided 4 measure of the mmimum fracture toughness to be expected. In the 7000-series
Ingh-strength aluminum alloy s, the fracture toughness parameter Koo decreases approximately
3.5 hai o per 1 ksi inerease in tensile yield strength, as shown in Fig 55, (The K¢ values
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plotted in Fig. 55 do not take slow growth into account.) Most of the data in Fig. 55 are for
thicknesses of 0.063 in. and 0.160 in , but K¢ is a function of thickness. With their greater
thickness (0.250 in.), the Phase 11 alloys would be expected to lic on a curve to the left of the
curve in Fig. 55. Using data from Kaufman and Holt (42), a decrease in K¢ of about 20

ksi J/in. for 7075-T6 would be expected going from 0,063 in. to 0.250 in. thickness. Despite
the greater thickness of the Phase [l test material, alloys 16 through 20 (including the high
2inc + magnesium alloy) were within the scatter band for 0.063-in. material.

Analysis of the fracture toughness data for alloy 18 shows that the replacement of chro-
mium with zirconium had an additional beneficial effect; alloy 18 is about 10 percent tougher

than expected, using alloy 17 as the reference point. These comparisons use K¢ and not G¢
values; G¢ = KC2/E .

In both strength and toughness, alloy 18 possesses the most attractive combination of
properties. It contains silver. which the previous analysis has shown has a beneficial effect on
toughness. Removal of the chromium intermetallics from the alloy has resulted in fewer nu-
cleating sites for the coalescence of microvoids, thereby increasing toughness. This was evident
from the fractographs comparing the fractured Charpy specimens from alloy 18 with the other
Phase II alloys. The dimple size for alloy 18 was much larger. Data from a current Boeing

alloy development program (25) show that in a high-zinc/magnesium-ratio alloy containing both

silver and chromium, the addition of zirconium increased toughness and strength. Since chro-
mium intermetallics were present in the latter alloy. zirconium must increase the toughness of
an alloy just as silver did. The high toughness of alloy 18 is due partly to the silver addition.
partly to the zirconium addition, and partly to the removal of the chromium intermetallics,

Alloy 20 chigh zinc and magnesium) had the lowest toughness-strength relationship as
expected. but this toughness is within the range of toughness values reported for 7075-T051,
The high copper in alloy 19 also decreases toughness below that expected. using alloy 17 as
the reference point. A higher-volume fraction of the S phase (CuMgAl~) may be responsible
for this behavior.

The lowest fracture toughness to be expected in any 7000-series alloy depends not only
on the heat treatment and the zinc¢, magnesium. and copper contents, but also on the iron and
silicon content. An analysis of the effects of iron and silicon at constant strength levels (43,
44) has shown that the intermetallics resulting from iron (Al2Cusbe)r and silicon (Mg>Si) are
detrimental to fracture toughness. Therefore, the minimum toughness shown for alloy 20
could be further lowered if increased iron and silicon are allowed in the recommended alloy.
Data from Ref. 43 indicate that the toughness of alloy 20 will decrease by about $ Ksi v in,
if 0.2 weight percent iron is present. Increasing silicon content has the complicating effect of
decreasing the magnasium available for strengthening by tying up more magnesium in Mg-Si
particles. This competing reaction decreases the strength. thus tending to increase toughness
at the same time that the increased-volume fraction of MgaSiis tending to decrease toughness.
The results from Ref. 44 indicate that in a material ol the alloy 20 composition, 0.2 percent
siticon will lower strength and increase the amount of MgaSiin such a manner that the re-
sulting toughness changes only slightiy. Therefore, the lowest toughness one might expect
for alloy 20 with 0.2 e and 0.277 Siis about 49 ksi Jin. (34 Kksi Jinz - 3 kaiin. due to in-
creased iron). The resuiting yield strength of the alloy in this case 144 would be about 72 ksi
(77 Kksi - S ksi) owing to the increased silicon content.,
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I the strength ot alloy 20 is increased to that of 19 and 7073-T651-1 by moving along
a slope of -3.5 ksi \in. as in Fig. 55, it can be seen that alloys 19 and 20 both have lower
toughness than the 7075-T6S1-1. This occurs despite a slightly higher iron content in the
7075-T651-1. This finding substantiates previous findings that the alloy with the lowest total
alloy content (in this case the 7075-T651-1) has the highest fracture toughness for a given
yield strength. As another example, alloys of the types 7075-T651, 7178-T76, and 7001-T75
are all of similar strength. The most highly alloyed of the threc. T001-T75. has the lowest
fracture toughness. This Jiscussion leads to an important point in aluminum alloy devziop-
ment: Any alloy of the 7075, 7178, or 7001 type, or even one more highly alloyed, can be
overaged to obtain adequate stress-corrosion resistance, and if highly alloyed will possess high
strength after the overaging treatment. The fracture toughness, however. will decrease with
increasing total alloy content. even if the alloys are all overaged to the same strength. In addi-
tion to the toughness decrease with increasing total alloy content, the quench sensitivity
INCTCUNS,

The preceding discussion considers the parumeter K¢ for a given thickness and in one
grain dircction, The same general effects of composition and heat treatment apply to the
plane-strain fracture toughness parameter Kjc.

Another parameter that can assume tremendous importance in thick sections is grain
oricntation. For example, extremely low toughness values have been observed across the
parting plane of a 7079-T6 die forging (45). These data were obtained by using precracked
Charpy specimens and relating WA values to the fracture toughness parameter G¢ as shown
in Fig. So. These Jdata ate for the longitudinal grain direction and represent very-high-strength
to medium-strength 7000-serics aluminum alloys. All the phase I alloys fall within the scatter
band. and the same trends observed on longitudinal center-notched panels are exhibited by
the longitudinal precracked Charpy specimens. The correlation between W/A and Gg is
quite good tor the lower toughness values, but becomes uncertain at the higher teughness
values (lower strengths).

All Phase 11 alloys had higher W/A values than 7575, 7578, and 7178-T76, despite the
fact that these alloys have lower strengths than any of the Phase Il alloys. Charpy data indicate
a K¢ of about 41 ksi in. for 7178-T7651 at a yield sirength of 71.5 ksi. The Phase 11 alloy
with the lowest toughness had a K¢ of 54.1 ksi Jin. at a yield strength of 77.3 ksi. The lower-
strength comparison alloys X7080-T7 and AZ74.61 were tougher than the other comparison
alloys and the Phase 11 alloy

An interesting possibility s that overaging may increase short-transverse fracture tough-
iioss, The short-transverse detaminations in the 7075-T651-1 fractures were intergranular, in-
dicating that the matenal cannot sustain high stresses in the short-transverse direction without
cracking along grain boundaries. Since these intergranular fractures are brittle, little energy is
absorbed and the toughness is fow. The important point is that overaging markedly reduces
this tendency tor short-transverse delamination,
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] 6.  MAINTAINING FATIGUE PROPERTIES .oF

The most significant finding from the fatigue evaluation of the Phase 11 alloys was that i
all the overaged alloys (16, 17. 18,19, 20) ourperformed the peak-strength 7075-T651-1 in t
distilled water. The overaged alloys were more resistant to the environmentally induced ac-

celeration of fatipue cracking. as evidenced by the preponderance of ductile striations on the i
tracture surfaces. Fatigue-crack growth data obtained in distilled water are comparable to 4
data obtuained in high-humidity air (46). High-humidity environments are common in service, 1
and the tatigue growth data obtained in distilled water are significant.
1
The slight detrimental effect of increased copper content on latigue-crack growth prop- ,
ertics in distilied water was unexpected. Previous work on Té-temper alloys showed high :
copper content to be beneficial in reducing crack growth rates in distilled water and in de-

creasing the amount of brittle striations (25). Thus, generalizations concerning the effects of
various chemical composition changes cannot be extrapolated from one base chemistry to i
another. Zinc magnesium ratio, strength level, and heat-treat condition also play important X
E roles. -
| :
} The additional overaging proposed for the recommended alloy should help further to 4
| slow the fatigue-crack growth rates in humid environments. 3

e

Fatigue-crack growth data are not available for the comparison alloys. Notched fatigue -
duata on axial fatigue specimens of the chromium-free X7080-T7 have been obtained (47). and

the results indicate lower than expected endurance limits (5 ksi at 107 cycles at K values of H
2.4and R=-1.0). The significance of these data with respect to the recommended alloy 1s .
not known, and further work is indicated. » 4
7. THE RECOMMENDED ALLOY :
The recommended alloy chemistry is as follows:
k Zn W Qo oMn &z B Fe s
t 59- 2.2 0.7- 0.05- 0057 0.10- 0.10% 0.2007 0.207 :
’ 6.9 297 1.5 0157 max 0.257 max max max
i

’ These composition ranges are typical for commercially available high-strength Al-Zn-Mg-Cu :
alloys. and the bosic chemisiry is in a range in which alloys have been successfully produced.
‘ Thus this alloy appears to be commercially feasible,
The alloy's strength 1s governed primarily by the zinc. magnesium. and copper contents
and by the aging treatment. Withi the given alloy content and a two-step aging treatment,
minimum mecha,..cal properties cquivalent to those of 7675-T6 should be produced.

With chromium and silver removed. this alloy will be relatively quench insensitive. High
mecianical properties will thus be produced in thick sections and at slow quenching rates.
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A high stress-corrosion resistance will be achieved by overaging. 1n addition, quenching
stresses will be reduced, leading to an improvement in in-service stress-corrosion performance.

The fracture and fatigue properties will be better thay those of 7075-T6. The zirconium

addition (and removal of chromium) will increase toughness. Short-transverse toughness will
be improved by overaging, as will fatigue-crack growth characteristics.
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SECTION Vv

CONCLUSIONS

. All Phase I1 alloys had longitudinal 0.2-percent yield strengths above 70 ksi, had stress-

corrosion resistance superior to that of 7079-T6 and 7075-T6, and met the contract’s
stress-corrosion goals. Fatigue and fracture toughness properties were comparable to
those of current high-strength commercial alloys.

In the Phase 1 base alloy, the silver addition increased longitudinal yield strength only

J percent and had no measurable effect on trunsverse strength. The silver increased
fracture toughness, reduced fatigue-crack growth rates in distilled water, increased quench
sensitivity. and had no measurable cffcct on the alloy’s short-transverse stress-corrosion
resistance in the overaged condition.

The beneficial effects conferred upon the Phase 1 base alloy by the addition of silver are
not great enough to warrant the use of silver in a production alloy of the Phase Il base
composition.

Removing chromium and adding zirconium to the Phase 1 base alloy with silver increased
longitudinal and transverse vield strength by 6 percent. increased fracture toughness, and
increased fatigue-crack growth rates. The reduced rate of overaging in this alloy (alloy 18",
shown by its slow rate of decrease in hardness, its slow rate of in¢rease in ¢lectrical conduc-
tivity, and its less overaged microstructure, resulted in greater susceptibility to stress-
corrosion cracking for the aging trecatment used (TO + 10 hr at 320°F). Doubling the

aging time at 320°F or increasing the aging temperature 10°F will increase stress-corrosion
resistunce without lowering the yield strength below contract goals. Slower quenching
may make longer or high-temperature overaging unnecessary. Alloy 18 was fur less

quench sensitive than any other Phase 11 alloy. Without silver it will be cven less quench
sensitive. If the removal of silver from this alloy has no more effect than the removal

of silver from the chromium-bearing Phase 11 base alloy. the recommended alloy (item 135)
possesses by far the most attractive combination of propertics that can be realized from
this study.

Increasing the copper content of the Phase 11 base alloy with silver increased longitudinal
yicld strength 7 percent, decreased fracture toughness, decreased fatigue crack growth

in dry air at Jow K levels, and increased fatigue crack growth in distilled water at low K
levels. The high copper content increased quench sensitivity and increased the density of
pitting attack in 3.5-percent sodium chloride.

The mcreased zine + magnesium content in the Phase 11 base alloy with silver increased
longitudinal yield strength 4.5 percent and decreased tracture toughness to the lowest
value observed. This value was within the range fos commercial high-strength aluminum
allovs. The increased zine + magnesium cont. nt increased fatigue-crack growth rates in
distilled water and dry air and had very little effect on stress corrosion performance,

Stress-corrosion-crack growth rates for the 7075-1651-2 and 7079-T6< comparison
alloys were ten to 100 times greater than for any of the overaged Phase 1 alloys or
other comparison allovs.




8. The chromium-tree, silver-tree comparison alloy X7080-T7 was the most quench

10.

—
N

lo.

msensitive ot all alloys tested. The stress-corrosion cracks in this alloy grew very slowly
and at the same rate as those in the Phase I alloys 16, 17, and 20.

The comparison alloys AZ74.61 and 7075-T73 had similar strengths and stress-corrosion
resistance. The strength advantage of AZ74.61 over 7075-T73, if it exists, is small, and
AZ74.6) cannot meet 7075-T6 minimum strength properties. {Two phenomena may
explain why only 10 hr overaging at 320°F was enough for AZ74.61, whereas 24 to 30 hr
at 320°F was required for 7075-T73: (a) AZ74.6! has a low copper content and thus
tends to overage more rapidly. (b) An extensive subgrain structure and subgrain
boundary precipitate in most of the AZ74.61 forgings examined causes branching of the
main stress-corrosion ¢rack this leads to blunting of the crack tip. The same effect ..as
seen in the chromium-free X7080-T7  Slow quenching rates arc partly responsible for this
behavior.)

The 7178-T7651 had the highest strength of the ten comiparison alloys, and the lowest
precracked Charpy toughness values of any alloy tested.

The chromium-free alloyvs 18 (containing zirconium) and X7080-T7 (containing manganese)
had lower densities of small intermetallics than the chromium-bearing alloy.. This
accounted for the large ductile dimples on alloy 18 toughness specimens.

Overaging treatments decreased the short-transverse delamination or “splitting” during
fracture of longitudinal center-notched panels.

All overaged Phase 11 alloys had better fatigue-crack growth properties in distilled water
than did the peak-aged 7075-T651.

None of the Phase Il alloys were susceptible to exfoliation corrosion.

The results of this program indicate that an alloy with the following nominal composition
will best meet the goals of this contract: 6.407¢ Zn, 2.5577 Mg, 1.10% Cu, 0.15% Zr,

0.107 Mn. This alloy when aged to T6 + 20 hr at 320°F or T6 + 10 hr at 330°F will be
stronger than X7080-T7 and as quench irsensitive as X7080. and as strong as and tougher
than 7178-T7651. It will be far superior to 7178-T7651 in thick-section properties and far
superior to 7075-T6 and 7079-T6 in stress-corrosion resistance. The allowable chemistry

0.05-0.15% Mn. 0.057 max Cr, 0.10°. max Ti, 0.20°! max Fe, 0.207¢ max Si

The case with which all the Phase 1 alloys were cast and fabricated indicates that the
recommended alloy is commercially feasible.
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SECTION V]
RECOMMENDATIONS FOR FURTHER WORK
The recommended alloy is thus far only a “paper alloy™: it has been neither produced
nor tested. but holds promise of meeting the goals of the program in production quantities.

To complete the development of this alloy. it is necessary to accomplish the following
tasks:

1. Produce pilot plant heats of the alloy in various ingot sizes and forms:
2. Complete the determination of the optimum heat treatment:

3. Perform verification mechanical, fracture, and stress-corrosion tests;
3. Establish design allowables data.

A recommended course of action is as follows:

1 1. Cast two or three large ingots of the proposed alloy (preferably different heats).
. . 2. Fabricate the material into:
- .
3 a.  Extrusions (rod or bar)
]
E’ b.  Forgings (hand and dic with various-thickness sections up to 8 in.)
¢.  Plate (thick section)
i - . - . . .
3 3. Establish two-step heat treatiment for optimum mechanical properties and stress-
3 corrosion resistance. Consider:
] a.  Quenching rates
¥ .
b. Room-temperature delay time
;. ¢.  Time and temperature of the sccond step in the step-aging treatment (The first
step of the step aging should be 24 hir at 230°F)
- 4. Verify mechanical and stress-corrosion propertics in this optimum heat-treatment
E .-
: condition
o
3. Generate allowables and design data:
4
1 4. Mechanical properties by o Fryo .o 77 elongation as g function of section thickness and
3 grain direction
.
d . . - B
3 b, Stress-corrosion resistunce Threshold., Kyge¢ < and crack growth rates

97
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Fracture toughness-Determine Kc . Kic.or W/A as a function of grain
orientation and product form

Fatigue properties—~S-N curves, notched and unnotched; evaluate load transfer
tatigue, crack growth rate, environmental effects
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APPENDIX |

PREPARATION OF EXPERIMENTAL ALLOYS

The Phase 11 experimental alloys were prepared from DC ingots 3.25 in. thick by 7 in.
wide by 201, long. After casting, each ingot was furnace stabilized at 550°F to minimize
the possibility of cracking. The ingots were soaked 16 hr at 875°F and air cooled. After
cropping and scalping (0.2 in. per tuce), ingot slices were etched. The chromium-free silver
+ zirconium alloy talloy 18) had columnar grains present at the chill faces that were not
entirely removed by the normal scalping. The other tfour alloys were uniform in structure,
with a fine macro grain size,

The ingot sections were relicated to 750°F and cross-rolled to 13 in. wide. They were
then rolled straightaway to 1.250 in. (56 percent hot work), After reheating to 823°F, hot
rolling continued to 0.440 in. thickness. At this thickness ecach alloy was etched in 10 per-
cent sadium hydroxide to remove the hot mill oxide, desmutted in nitric acid, and rinsed in
hot water. The ctched plates disclosed that alloy 18 had long columnar surface grains,
whercas the other four alloys had extremely fine grains present at their surfaces.

The etehed plates were then reheated te 825°F and hot rolled to 0.254 in. thickness
(80 pereent hot work at this temperature or a total of 91 percent hot work). followed by an
air cool. Heat treatment began with solution treatment of the 0.254-in. plate at 860°F (a
38.min soak) followed by a quench in 60°F water. The plate material was stretcher
stringhtenced 1 5 nr after the quench, The material was aged 2 days at room temperature.
Artlical aging at 250°F for 24 hr followed, using a 35°F 'br heat-up rate from 100°F. At

the completion of the 24-hr soak, the material was air cooled. The panels were edge trimmed,

then given the second-stage artificial age of 320°F tor 10 hr. The heat-up rate was 35°F/hr

from 250" F. The final step was an air cool from 320°F.
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APPENDIX 11

ACTUAL MECHANICAL AND FRACTURE PROPERTIES OF PHASE I1 ALLOYS

Tahle VI Actual Mechanical and Fracture Properties of Phase H Alloys
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APPENDIX 111

STRESS-CORROSION TEST DATA

Table VI Stress-Corrosion Test Data (3.3 Percent Sodium Chioride, Alternate Immersion)

i e e — e

| o ' ! . Crack cr linear pit
' P ['css D:l?:flj‘ first | Length.of specimen growth raf; b
Alloy and level | crackor | D:_ays to{ containing cracks thousandths m.)
! specimen no. ! (ks;)l linear pit ' failure or linear pits (in.)? ( hr Comments I
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Table V(I --~Continued

! T T T R , ] B
! ' ! : - Crack or linear pit i
: Stress i Days to first ! . Length of specimen ; ~ growthrate | :
Alloy and ¢ level | crackor | Days to ! containing cracks ! <th0us:mdlhs m-)b |
specimen no. i (ksi) 3 Linear pit ' failure * or linear pits (n.)3 : hr Comments
1620 | 20 | 8 — 003 !
i lo-22 P 2oy .- — i 0 : }
! 16-24 a0 i .- —_— 0 .-
17-2 ' 20 i —_— 0 ;
A e e 0.7 i 0.019 | Sectioned v
_ ! , : \
17.20 | 20 ! 37 —tp Q.10 i .- '
17.22 20 | --- —— 0 ‘ .
i 17-24 P20 --- —_— 0 :
| 18-2 I 20 5 —_ l | |
18-17 P20 2 —_— 0.05 : ! |
18.20 .0 ‘I —_— 0 | |
18-22 T : —ee — 0 .- | |
S P! I 000 .. —_— 0 ! |
,! 19:2 e O 69— 195 | 0.22° | Sectioned |
{ AT 20 oo — 1.90 0049 | |
P e a0 s le—e 13 boo0sr !
L e ;20 L — 1.7 S ons |
| 19-24 20 ; 83 | —— , 0.49 ; 0.nn32 | !
I 0.30 e
i 2017 P20 T e— 0.40 : 0.020 | Sectioned
! 20-20 | 20 | 70 —— 0.16 0.033 ?
1 202 ; 20 ; 80— .08 ! - . i
L0420 e —— ] 0 ; |
l T075TA51-].2 20 i 37 | —— 1.10 . - I Damaged m'f
| ! : : . anodizing
i J075T6S11417 20 1 70 _ 0,10 0.038 | i
Posresto, 20 b 37 e 0,20 0.045 . !
i '-‘()“'r‘--14=5!~|-22; Y] ; N P 0.,0 . ' Sectioned: |
! , : I ; damaged n |
! ! , ‘ | : | arnodizing
D07 ed L3080 200 <1 —_— 0.82 . 0.027 Sectioned
S S (N | |

——+Indicates no failure afier 90 days.

# Measnred trom $.8% photographis at failure -, after M davs il o tailure occurred.

Do ared parallci to groove dircction from S SX time sequence phictagraphs,
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Table VII. - -Continued ;
' T ! ¢
[ i ' Crack or linear pit :
i Stress | Days to first | i Length of specimen| , growth rate g
1 Alloy and level crack or | Days to l containing cracks (thousandths in. i
¢ ospecimen no. (ksi) linear pit | falure | or linear pits (in.) hr Comments f;
| : :;
7075765125 1 20 | —— ‘ 0 i
H Z
1 7075.T651-10 | 20 6 | m——— 0.5 ; Sectioned :
PAZ74.61 ASS 20 9 | — 0.15 ;‘
707573 B f 20 19 | ——! 0.20 0.C46 Not stressed ;
! i i in short- i
i I : i transverse i
! ! i i direction ;
© X7080-T7 D-6 20 I 2 ! 34 : 4.10 .. Sectioned, ‘
' | ' ! damaged in 3
I I ‘ i i anodizing 3
PI079-T611-AC 20 | -er | —e ' 0 - .

| 7079-T611-G F-7; 20 O U 0
[ 7079TeGET L 20 | -er | ——e ! 0
e ; - ;
L 1es I 0 ;
i i | H
, 16-% R 69 | = | 1.70 i 0.114 Specimen :
i | : : ! lost :
! | . i
lo-11 R B :__.;_ 0 ;
. 16-15 I 26 i --- |—b| .- E'
L iele TS I —— 0 -
I : i ;
! i 1 ! Z
i 16-23 P26 l 76 | — 1| 0.18 | .- Sectioned g
1 - ' . N ¥
: 17-5 P26 v | — | 0 ; :
AR EE " 26 % 00— 0.04 ! ;
! 17-11 S e — 0 | :
| i i ( i .
P1715 P26 . 76 — | 0.06 | .- -
i 1516 l 2o | 76 L 0.14 ! .. Sectioned .
P 17-23 T2 e e 0 | oo
i 18.5 L 26 ‘ S0 —— | 0.27 | 0.045 ;
Loss b 2 e 1.10 0074 | Sectioned
| s
1811 26 l —.l G .- :
o l |
——Indicates no failure after 90 days. :
“Measured from 5.5X photographs at failure or after 90 dzys if no f.ilure occurred. ,

Bafeanired parellel to groove direction from S.5X time sequence photographs.
ey
.2
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Table VII.— —Continued
Y - :
: ' . Crack or linear pit |
I Stress | Days to first I Length of specimen growth rate
Alloyand | level crack or | Daysto| containing cracks thousandths in.\’ |
I specimen no. (ksi) linear pit | failure ! or linear pits (in.)3 ( hr ) | Comments
p ! 1815 ! 2 5 —_— I 0.65 _ 0.020 ]
5 Y U — 0 : .'
_ : 1823 26 — 0 |
{ i 195 26 28 — 238 0.085 ! Sectioned |
3 ! 19.8 26 ! 5 —_— 162 | 0.303 |
] | 19-11 26 56 —_— 0.33 | 0.095 | !
t f 1945 4 2 |70 —_— 132 | 0.151 | ?
3 { 19-16 % | % —_ 0.7 0.133 g I
1 | 19-23 % | W | 0.05 ! | I
i i 203 | 26 ! 9 —_— 0.05 | ; !
] ! 20-8 I 20 | 70 —_— 0.19 [ 0.057 )
3 P | 2 | 2 — 0.1% | 0.010 | Sectioned
’ { 005 6 W —_ 0.00 i .- .
4 - TSR R 83 | — ‘ 0.28 l 0.03% }
3 CRK e i 9 — 020 7 0.016 |
. 707STeS1-1S 26 e —— | 0 ; 5 :
P T07STOSI-IR 26 . 70— | 0.00 ! ! :
L | 7075.Tes1-1 1] 26 e e 0 :
; L I07STOSIS 26 | e e 0 |
3 0TS 16 20 L e | e | 0 ' :
[ D a07sTest 26 | | — i 0.13 i 0.010  Sectioned '
i Pegtsrestzt 6 0 100 D47 110 : 0.84 ’
;’ i TOTSTosl-2-11 26 i | 25 110 . ! Sectioned
3 ©AZ7400 1L 20 36 | — 1.42 ; 0.045
s bazrael 2200 20 b 3 e 210 | 0.077 . Sectioned
i AZTIOL A6 260w —_— 0.0s !
3 AZT401 A3 26 70 | —— 0.60 . 0113 © Sectioned
Y S TR S, P Y

== [ndicates no toilure after 90 days.
Measured from 33X phatographs at failure or after 90 duy s il ue tailure occurred.,
UMeasured parallel to groove direction trom $.5X nmie sequence photographs.
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Table VII. —-Continued
; I{ | ! : Crack or linear pit |
i Stress l Days to first! " Length of specimen growth rate
! Alloy and level crack or . Daysto: containing cracks (thOUS&ndthS in.)
i specimen no. (ksi) | linear pit | failure | or linear pits (in.)? hr Comments
17075173 B7 | 26 56 0.78 0.040 Sectioned |
1 2075.173 B8 | 26 56— 0.30 0.045 Not stressed |
! in short- |
| transverse
i direction '
| X7080-T7 D7 | 26 s - 1.30 0.151 |
| X7080-T7 D8 | 26 9 —_— 0.64 0.031 Sectioned
7079-T611-AC-S| 26 2 —_— 0.06 .- j
| 7079Tel 1-AC-7) 26 2 | — 0.75 Sectioned !
| 7079-T611-G-F-8] 26 ——l 0 ’
7079-To11-G-F-9| 26 58 —— 0.10 Not stressed |
i in short- ‘
transverse
direction \
7079-T6G-E-8 | 26 2 4 4.10 15.9 |
7079-T6-G-E9 | 26 70 89 4.10 10.3 Sectioned |
75751 | 26 70 —_— 0.30 )
7575-8 . 26 B | — 3.07 0.088 Sectioned '
7578.1 | 26 a2 | — 1.60 0.024 !
7578-8 2 a2 | — ; 2,28 0.025 Sectioned |
| ! i
17178-T7651.1 | 26 25 — 1.43 0.086 Sectioned .
7178-T7651-8 | 26 70 —_— 1.02 0.067 !
163 P32 13 a 4,10 ! Sectioned;
I ! ! 1 fdamaged in
|: | : anodizing |
TR ¢ v | — 0 | |
16-14 R 9 —_ 0.20 i ,
H H I
! 16-19 D32 9 —_— 0.30 : 0.020 Sectioned |
I [ P32 Sl 0.07 l !
17-3 R e 0 { !
179 3, 88 —_— 0.05 i !
17414 3 —_— 0 l {
17-19 N —_— 0 i

—— |ndicates no failure atter 90 days.

4 Measured trom 5.5X photographs at failure or after 90 days if no failure occurred.

Measured parallet to groove direction from 5.5X time sequence photographs.
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Tahle VIl —-Contin ed

i ! Crack or linear pit !
¢ Stress | Days to first chngth of specimen growth rute
t Alloy and level crack or | Daysto | containing cracks (thousandths in.)
' specimen no. (ksi) linear pit | failure J| or linear pits (in.) 4 hr Comments
‘ 17-21 32 70 I —_— : 0.65 0.07% Sectioned
L 3 i N TR 4.10 L oA Sectioned |
189 32 e — | 0 ; |
' ‘ 18-14 321 er | —— ] 0 _'
A AN TSE 2l e 0.53 " o
; 1820 32y 9 i — 0.50 | 0.133 \
; 19-3 -3 56 — ! RNEN 0.113 Sectioned
i A L & A p— ; 172 ! 0.216 .
i l 1914 1 32 56— 1.59 0.162 ’
E | 1919 | 32 | 9 | — I 274 0.123
i : 19-21 P32 5 —_— 2.03 0.227
L. ! 20-3 32 1 “ 410 : - Damaged
] i ‘ . | | ' I gra()dizing
: 20-9 L3 9 | — 0.54 0.042 ! .
i 2004032 9 — 0.20 5
3 Lo |3 p— 0.20 b 0040
i f 021 P32 [ Ap— ! 153 , 0.0% Sectioned |
] 7075768103 3 60 | — | 0.15 ' 0.108 l
4 | 7075-Tes119 | 32 1 70— 0.10 : 0.022 !
4 L7075 TOSI-114] 32 0 T6 | — 0.20 ! !
3 i 7075.Tos1-1-10] 32 | 9 i _— 0.42 i 0.030 | Sectioned |
‘ :707S-T(»SI-1-2|‘ 2 1 — 0.3 L 00% =
] I 7075-Tosp21 1 32 it oo 410 ! ,
1 £ 7078-T651.20 | 32 ER 410 i Sectiored |
p - | Az7d01 122 32 ! 56 | — 1.77 0.063 i
! PAZTAO) 31 320 30 | — 2.25 ! 0.041 | |
] 75754 R °o g0 | 4.05 ' 0.173 | I
3 75750 |32 ‘ 5 I a7 410 0.545 I
3 7575-4 KIS | = 3.535 0.065 i
78780 R 14 D — 227 0.0%1 ! |
i I S S 1 I 0 i
3 —— Indicates no failure after 20 days.
AMegsured from S.3X photographs at failure or after 20 davs if no faiiure occurred.
3 b.\leusurcd paratlel to groove directi- o 1= m S.5X time sequence photographs,




Table VIl —-Continued

| { | Crack or linear pit
i Stress | Days to [irst Length of specimen growth rate
I Alloy and level crackor | Daysto| containing cracks (thousandth_s_i_n.
} specimen no. (ksi) i linear pit | failure { or linear pits (in.)3 hr Comments
| 7178-T76514 32 56 —_— 2.00 0.113
7178176516 | 32 B | — 3,60 0.080
i 16-6 44 2 —_— 2.00 0.153 Sectioned
! 16-10 44 —_— 0
] 16-13 44 56 —_— 0.10 0.010
| 17-6 44 69 — 1.18 0.076
i 17-10 44 51 — 1.29 0.095
17-13 a4 60 —— 1.63 0.113 Sectioned
18-6 44 9 61 4.10 0.321 Sectioned
1 18-10 44 69 8¢ 410 0.228
l 18-13 44 36 83 4.10 0.945 !
19.6 44 9 —_— 3.80 0.122
19-10 44 2 83 4.10 0.229 Sectioned
19-13 44 37 —_— 4,05 0.090
i 20-6 44 51 —_— 1.65 0.056
: 20-10 a4 s —_— 1.39 0.076 ,
b 2003 44 5 —_— 1.25 0.087 Sectioned |
1 9075.T651-1-6 | 44 5 89 4.10 0.189 (
{ 7075-T651-1-10| 44 5 —_— 1.50 0.119 [
| 7075.T651-1-13 | 44 2 89 4.10 0.379 Sectioned |
| 7075-T651-2- 44 3 10 4.10 Sectiotied i
7075-T651-2-12| 44 14 27 4.10 _
| AZ74.61 21 44 : 9 — 2.54 0.055 [
CAZ73.61 41 4 | 37 —_— 2.00 0.078 i
' AZ74.61 A9 | 44 i | — 0 :
1 7075.T73 B-9 44 5 —_— 2.70 0.133 l
L 7075-T73 B-10 | 44 37| — 1.44 0.065 !‘
| X7080-T7 D-9 | 44 — 0.56 0.038 |
X7080-T7 D-11] 44 | = 1.03 0.047 }

== Indicates no failure after 90 days.
4Mecasured rom 5.5X photographs at failure or after 90 dzys if no failure occurred.
Prfeasured parallel to groove direction from 5.5X time sequence photographs.
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Table VII.—--Continued

SN I Crack or linear pit
Stress | Days to first Length of specimen| , growth rate
- Alloy and level | crack or | Days to{ containing cracks (thousandthsm.
g: specimen no. (ksi) | linear pit | failure | or linear pits (in.)2 hr Comments
¥ T079-Tol 1-AC-8 44 80 — I' 0.05 . Equiaxed :
2 i ains .
- I & :
; 7079-1611-AL-10 | 44 ‘—"’i .
; C0UOTOINGF0 | 44 | 56| e 1.25 0076 Sectioned;
# | 'stressed parallel
3 ; i |10 Nlow lines
? 17079-T6l11-G-F-11 | 44 70 — I 0.38 0.057 ' Stressed parallel
i i : I|  to flow hines
§ 7079.T6 G510 | 44 1 2 \ a0 as0
1 |7079.T6-G-£11 44 ; 1 B 4.10 15.0 :
. 75755 4 5 —| 3.70 : 0.022 l _
17575.7 TR 5 42 410 ' 0.419 : ﬁ
¥ | ¥ 1 '
' [7578:3 RN | 3.6 L' oosr |
4 175787 a4 83 | 4.0 L0063 |
\ | 7178-T7651.5 44 A 2.95 I 0060 ’
g (T17&TI651-7 0 43 | 23— 2.03 | 0.050
: I i i ' ! ;
112 56 86— 147 |o00s7 !
E : 16-18 ' 56 i 56 | —_— I 0.10 | --- :Sectioned I
g ; 1712 i 56 i S8 ;——- 1.33 | 0.113 Sectioned i
: i ! i :
Fd i 17-18 ;o S6 58 | — ! 1.23 : 0.076 I
- ' ! | . ' ) .
i i 1512 TS 2 e 4.10 0.346 I Sectioned
% 5 18.18 .56 51 e 410 1.10 i
) ! 19-12 56 2 b s ! 4.10 1.86 !
; ; 19-18 . 56 2 9 | +.10 1.24 ' Sectioned
|
. o2 ! ose 2 53 410 0.185 ;Sectioned
) : w1 | ose SU | — 4.08 0.302
%’ 17075-T651-1-12 | 56 2 O 3,10 0.486 . Sectioned
: ! . 1 ' :
: i7075-1651-1-18 1 56 9 oS0 1,10 0.567
17075.T651-2.3 | s6 3 6 | 4.10 517 ; Sectioned
3.T651.7. Vg 1 ' : I3 |
AL o NN TR N SN (LY SR L BN

= [ndicates no failure after 90 days.

# Mcasured from 5.5X photagraphs at failure or after 90 days if no failure occurred.
b

Measured parallel to groove direction from 5.5X time sequence photographs.




Table VII.--— Concluded

O -

: Crack or linear pit

| Stress [Days to first Length of specimen growth rate

: Alloy and level crack or | Days to] containing cracks | {thousandths in!

i specimenno. | (ksi) | linear pit |failure | or linear pits (in.)? hr Comments

j

l AZT46142 | Se 37 — 3.80 0114

I AZ"4.61-5-1 56 23 — 3.75 0.10 Sectioned

| AZ74.01 A-10 36 hii —_— 0.91 0.063

| ~0=s.173 B-iv | so 9 3.75 0.089 Sectioned

1)

i XT030-T7 D-12 56 2 —— 1.70 0.070 Sectioned
"079-Tol1-AC-12] 36 1 5 4.10 6.2 Sectioned
T079-Tal1G-F-12] 36 2 — 0.50 --- Sectioned;

i stressed parallel
to flow lines

7079-T6-G-E-12 56 1hr 1 4.10 388 Sectioned
7575.2 56 28 3.90 0.227 Sectioned
735733 56 5 34 4.10 0.270 Sectioned
7578.2 56 2 83 4.10 0.089 ISectioned
75783 56 2 —_— 3.80 i 0.027
T178.T7651-2 56 42 —be- 3.65 0.189 Sectioned

, 7178-T7651-3 56 44 — 2.05 L 0.108

=+ Indicates no failuis 2fter 90 days.
d Measured from 5.5X photographs at failure or after 90 days if no failure occurred.
bMeasured parallei to groove direction fiom 5.5X time sequence photographs.
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i Table V1. Stress-Corrasion Test Data {Industrial Environment)
} ] - T [ - T
3 Stress Days to first | Length of specimen
: Alloy and level | crack or Daysto | containing cracks
specimen no. (ksi) lincar pit failure ! orlinear pits (in.)d Comments
- —r
16:25 0 o _— -
16-28 0 ! .- : ..
_— ——p _,,_.!.___ e ———— —— e ——
1725 20 | .- [ .-
17-28 20 .- D ..
U _W_Aﬁl e — e i e -y—v— e
18-25 00 . .- — et
18.28 0 .- | —= .
19.25 o L L I — .
1928 Yoo ... I — ..
i . —_1 . ,._i_ _————— — ——————-—4
20-25 R . | — ...
. 20-28 20 i .- —_ [,
7075-T6S51-1-25 20 | .- — .-
7075-T651-1-28 000! --- _— .- ;
16-29 20 ] - —_— -
16-31 P26 .- : — | .. |
16-23 | 20 . I — e l
1729 I I —_— = 1
H |
17-31 | 26 --- | — ] .-
1733 b | —— .- |
1 —_ , : e— 4 —e— - -
t 1829 20 . e — ]
F 18-31 P L ... |
H : : 1
: 15-33 P ! | — ..
19-29 I .. [ — - ]
. . . |
19-31 26 ' R ! —_— . i
4 19-33 w - P o— 5
v R A —
20-29 25 ..n V| . ‘
f 20-31 |26 ‘ .. i —_— i
' 20-33 [ 2 ! N . ! !
3 7075-7651-1-20 w1 [ -
7075.T651-1-31 2 L ... L.__.- | ...

- Indicutes no failure after 160 days, Specimens still in test,

a4 . < . .
Measured I'rom §.SX phiotographs.

-




Table VIIl.——Continued

Stress I Days to finst

Length of specimen
Alloy and level crack or Days to containing cracks
specimen no. (ksi) linear pit failure or linear pits (in.)® Comments
7075-T651-1-33 26 .- — .-
AZ74.61-3-2 26 78 — .- Anodized and stripped
AZ74.61-5-2 26 ... — “ee Anodized and stripped
AZ74.61-5-3 26 .ee — --- Anodized and stripped
AZ74.61-54 26 <ee — --- Anodized and stripped
AZ74.61.5-5 26 cee — ae-
AZ74.61.5-6 26 .- — —-
7575-9 206 .- —— O
7575-10 26 --- —— .-
75789 26 .- —— .-
7578-10 26 --- — .--
T178-T7651-9 26 .. — .ns
7178-T7651-10 26 ... —tpn P i
16-26 32 e — --- )
16-30 32 .- —— - !
17-26 32 .o — “en i
17-30 32 .o —tm -
18-26 32 .ee —_— “ee
18-30 32 --- — .- !
19-26 32 .- — .- 1
19-30 2 .- — e !
20-26 32 .- ——t e |
20-30 32 .- —_— .- }
7075-T651-1-26 32 —_— K
7075-T651-1-30 32 —_— ‘
1627 14 .- —_— .es i
16-32 44 .- — —--
17-27 44 ... —_— cee
17-32 44 .- — .

— Indicates no failure after 160 days. Specimens still in test.
 Measured from S.5X photographs.
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Table VII. —— Concluded

|
Stress Days to first Length of specimen , :
Alloy and level crack or Davs to contuiring cracks

specimen no. (ksi) linear pit ¢ failure or lincar pits (in )" | Comments .
. 1 —
18.27 44 .- | —— .- l |
18.32 44 —_— NN ; |
——— e e e A — — - = -— —_————t e ——— e t———— -_——--_——! ——— — - - A——ﬁ

i 19.27 44 .- —_— .- :
i 1932 Ho —_— .- J' !
{ ] 2027 44 .e- —_— .-- i
[ ¥ .

2032 44 ce —_— .
] AU S S S - -
l ] 7075-T651-1-27 44 pa—— .- i
i

{ 7075-THS1-1-32 44 .- . ) '
——t-- - — - ——— R i — e ——
l 16-0 0 .- — | .. |
——— —_——t s = e————— - —
L . 170 0 .. —t I I

3 18-0 .- —_— .- i
3 § 19-0 0 e — e ._,T o _J
20-0 _ 0 .- — N : :
| 7075.T651-0 ll 0 — . J '.
1 : _ . S S I R

—— Indicates no failure after 160 days. Specimens still in test.
d . - .
Measured trom 5.5X photographs.




APPENDIX IV
END-OF-TEST PHOTOGRAPHS
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